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Summary in English  
 
The extraordinary properties of the single wall carbon nanotubes (SWCNTs) have 
stimulated an enormous amount of research towards the realization of SWCNT-based 
products for different applications ranging form nanocomposites to nanoelectronics. 
Their high charge mobility, exceedingly good current-carrying capacities and ability to 
be either semiconducting or metallic render them ideal building blocks for 
nanoelectronics. For nanoelectronic applications, either individual or parallel aligned 
SWCNTs are advantageous. Moreover, closely packed arrays of parallel SWCNTs are 
required in order to sustain the relatively large currents found in high frequency devices. 
Two key areas still require further development before the realization of large-scale 
nanoelectronics. They are the reproducible control of the nanotubes spatial 
position/orientation and chiral management. In terms of nanotube orientation, different 
techniques have been demonstrated for the fabrication of horizontally aligned SWCNTs 
with either post synthesis routes (e.g. dielectrophoresis and Langmuir-Blodgett 
approach) or direct growth (e.g. chemical vapor deposition (CVD)). The low temperature 
of the production process, allowing the formation of aligned nanotubes on pretty much 
any substrate, is the main advantage of the post synthesis routes, while the poor levels 
of reproducibility and spatial control, and the limited quality of the aligned tubes due to 
the inherently required process steps are limitations. The simplicity, up-scalability, 
along with the reproducible growth of clean high quality SWCNTs with well-controlled 
spatial, orientation and length, make CVD the most promising for producing dense 
horizontally well-aligned SWCNTs. These CVD techniques suffer some drawbacks, 
namely, that because they are synthesized using catalyst particles (metals or non-
metals) the catalyst material can contaminate the tubes and affect their intrinsic 
properties. Thus, the catalyst-free synthesis of aligned SWNT is very desirable. 
This thesis comprises detailed and systematic experimental investigations in to the 
fabrication of horizontally aligned SWCNTs using both post growth (Dielectrophoresis) 
and direct growth (CVD) methods. Both catalyst-assisted and catalyst-free SWCNTs are 
synthesized by CVD. While metallic nanoparticles nucleate and grow SWCNTs, opened 
and activated fullerene structures are used for all carbon catalyst-free growth of single 
wall and double wall carbon nanotubes. The systematic studies allow for a detailed 
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understanding of the growth mechanisms of catalyst and catalyst-free grown SWCNTs to 
be elucidated. The data significantly advances our understanding of horizontally aligned 
carbon nanotubes by both post synthesis alignment as well as directly as-synthesized 
routes. Indeed, the knowledge enables such tubes to be grown in high yield and with a 
high degree of special control. It is shown, for the first time, how one can grow 
horizontally aligned carbon nanotubes in crossbar configurations in a single step and 
with bespoke crossing angles. 
In addition, the transport properties of the aligned tubes at room temperature are also 
investigated through the fabrication of devices based on these tubes.  
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Zusammenfassung 
  
Die außergewöhnlichen Eigenschaften von einwandigen Kohlenstoffnanoröhren (engl. 
single wall carbon nanotubes, SWCNTs) haben bemerkenswerte Forschungsaktivitäten 
zur Verwirklichung von auf SWCNTs basierenden Anwendungen für verschiedene 
Bereiche, die von Nanokompositen bis hin zur Nanoelektronik reichen, stimuliert. Ihre 
hohe Ladungsträgermobilität und die außerordentlichen hohen Ladungsdichten, die in 
SWCNTs erreicht werden können sowie ihre Eigenschaft, entweder halbleitend oder 
metallisch zu sein, machen sie zu idealen Konstituenten von nanoelektronischen 
Schaltkreisen. Für Anwendungen in der Nanoelektronik sind entweder einzelne oder 
parallel angeordnete SWCNTs vorteilhaft. Darüber hinaus sind dicht gepackte 
Anordnungen von SWCNTs erforderlich, um die relativ hohen Ströme in 
Hochfrequenzbauelementen zu transportieren.  
Für eine erfolgreiche Realisierung von großskaligen nanoelektronischen Bauteilen, die 
auf SWCNTs basieren, sind noch zwei enorm wichtige Kernprobleme zu lösen, die 
weitere Forschungsanstrengungen erfordern: die reproduzierbare und verlässliche 
Kontrolle der räumlichen Positionierung und Orientierung der Nanoröhren sowie die 
Kontrolle der Chiralität der einzelnen SWCNTs. Hinsichtlich der Orientierung der 
Nanoröhren kann die horizontal parallele Ausrichtung von SWCNTs mit verschiedenen 
Techniken erreicht werden. Diese setzen entweder nach dem eigentlichen Wachstum 
der Röhren ein (Post-Synthese-Methoden wie z.B. Dielektrophorese oder Langmuir-
Blodgett-Techniken) oder erreichen direkt während des Wachstums (z.B. durch 
Chemical-Vapor-Deposition-Methoden (CVD)) die parallele Anordnung. Durch die  
niedrigen Prozesstemperaturen, die während des Herstellungsprozesses erforderlich 
sind, erlauben die nach der eigentlichen Synthese stattfindenden Ausrichtungsmethoden 
die parallele Anordnung von Nanoröhren auf nahezu jedem Substrat, jedoch stellen die 
geringe Reproduzierbarkeit dieser Prozesse, die schwierige Kontrollierbarkeit der 
räumlichen Anordnung und die limitierte Qualität der ausgerichteten Röhren aufgrund 
der erforderlichen Prozessschritte natürliche Beschränkungen dieser Techniken dar. Die 
einfache Durchführung und ihre Skalierbarkeit, zusammen mit dem reproduzierbaren 
Wachstum qualitativ sehr hochwertiger SWCNTs mit hoher Kontrolle von räumlicher 
Anordnung, Orientierung und Länge machen die CVD-Methode zur 
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erfolgversprechendsten Technik für die Herstellung von dichtgepackten hochparallelen 
horizontalen Anordnungen von SWCNTs. Diese CVD-Ansätze weisen jedoch auch einige 
Nachteile auf, die in den bei der Synthese verwendeten Katalysatorpartikeln (metallisch 
oder nicht-metallisch) begründet liegen, da das Katalysatormaterial die Röhren 
kontaminieren und dadurch ihre intrinsischen Eigenschaften beeinflussen kann. Daher 
ist eine katalysatorfreie Synthesemethode für ausgerichtete SWCNTs ein höchst 
erstrebenswertes Ziel.  
Die vorliegende Arbeit beschreibt detaillierte und systematische experimentelle 
Untersuchungen zur Herstellung von horizontalen, parallel ausgerichteten Anordnungen von 
SWCNTs unter Verwendung von Methoden, die sowohl nach dem eigentlichen Wachstum 
der Nanoröhren (Dielektrophorese) als auch während des Wachstums ansetzen (CVD). Bei 
den CVD-Methoden werden sowohl solche, die auf der Verwendung von Katalysatoren 
basieren, als auch katalysatorfreie Techniken verwendet. Während metallische Nanopartikel 
den Ausgangspunkt für das Wachstum von SWCNTs darstellen, werden geöffnete und 
aktivierte Fullerenstrukturen verwendet, um das katalysatorfreie Wachstum von reinen ein- 
oder mehrwandigen Nanoröhren zu erreichen. Die systematischen Untersuchungen 
ermöglichen ein tiefgehendes Verständnis der Wachstumsmechanismen von SWCNTs, die 
unter Verwendung von Katalysatoren oder katalysatorfrei erzeugt synthetisiert wurden. Die 
erzielten Ergebnissen erhöhen in einem hohen Maß das Verständnis der Herstellung von 
horizontal parallel angeordneten Nanoröhren, die durch Post-Synthese-Methoden oder direkt 
während des Wachstumsprozesses ausgerichtet wurden. Die erzielten Einsichten erlauben die 
Herstellung solcher Strukturen mit hoher Ausbeute und mit einem hohen Maß an räumlicher 
Kontrolle der Anordnung. Zum ersten Male kann ein Verfahren präsentiert werden, mit dem 
horizontal parallel angeordnete Nanoröhren in gekreuzten Strukturen mit wohldefinierten 
Kreuzungswinkeln hergestellt werden können. Zusätzlich werden die Transporteigenschaften 
von parallel ausgerichteten Nanoröhren bei Raumtemperatur, durch die Herstellung von auf 
den dargestellten Strukturen basierenden Bauelementen, untersucht.  
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Introduction   
     
     
 
     
     
     
Carbon is one of the few elements known since antiquity. It plays a major role in a wide 
variety of compounds employed in many fields, for example, chemistry, material science, 
biology, to name a few. The ability to form different bonds with itself as well as with 
many other elements, due to its electronic atomic orbital arrangement and possible 
hybridizations, results in an enormous variety of allotropes in different dimensions. It 
exists in all dimensions, that is 3D in diamond, 2D in graphite and graphene, 1D in 
carbon nanotubes, and the famous fullerenes with 0D. The electronic properties of its 
allotropes vary from insulator (diamond), semiconducting (semiconducting nanotubes), 
semimetallic (nanotubes with a small or no band gap) and metallic (metallic nanotubes). 
Also, the mechanical properties are extreme. Diamond is one of the hardest known 
materials, and nanotubes and graphene are even stronger. Carbon nanotubes (CNT), 
which were made into a “hot topic” in 1991 by Iijima, provide fascinating new physics 
                                                                                                                                                          Introduction 12 
and stimulated massive research in exploring new CNT based applications. CNTs are 
divided into two categories; multi wall carbon nanotubes (MWCNT), where concentric 
cylinders with interlayer spacing around 3.4 Å form multiple walls. The second type is 
the single wall carbon nanotube (SWCNT) with only one honeycomb graphene sheet 
being rolled up, resulting in a single walled tube. SWCNT provides a remarkable model 
for 1D systems, with a diameter around 1 - 2 nm and a length of tens to hundreds of 
micrometers. 
The high charge carrier mobility, exceedingly good current-carrying capacities, along 
with the possibility for a SWCNT to be metallic or semiconducting embolden exploring 
the use of them in the nanoelectronic industry. The metallic SWCNTs behave as ballistic 
conductors and can be used as efficient interconnectors, while the semiconducting 
nanotubes are attractive as active components in switching devices (field effect 
transistors). The need for new promising alternatives for the semiconducting silicon 
technology is rising, as the physical limits of silicon has almost been reached. This 
explains the massive effort and investment in the investigation of CNTs. Remarkable 
success has been demonstrated in the field of SWCNT based nanotechnology. However, 
there are still many challenges to be overcome before the realization of commercial CNT 
based products. Up-scalability, reproducibility and mass production of SWCNTs with 
homogeneous electronic properties (chirality) with cost effective techniques is the main 
issue. Fortunately, continuous intensive research is being done and many successful 
steps have been achieved, along with other challenges are under investigation. 
Noteworthy improvements in CNT based electronics have been demonstrated. Parallel 
set of field effects transistor (FET) were fabricated on parallel semiconducting SWCNTs 
which were suitably spaced, or on very long SWCNTs ensuring the FETs have the same 
electronic behaviour. Thin film transistor (TFT) where common electrodes were 
fabricated over densely-packed horizontally-aligned SWCNTs is another example. These 
types of devices are capable to carry high electrical current and have been proposed for 
high frequency applications. However, the synthesis of SWCNTs with a single chirality, 
and hence the same physical and electronic properties, so as to ensure the homogenous 
behaviour of the fabricated devices, is essential. Unfortunately, this has not been 
achieved as yet. However, the fact that the synthesis of either semiconducting-rich or 
metallic-rich samples has been demonstrated provides hope that this goal is achievable. 
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SWCNTs are nucleated by a catalyst - a metallic nanoparticle in most cases. The diffusion 
of such metallic catalyst into the chip, where the tubes are to be used, may affect the chip 
behaviour and shorten its life age. Recently, the growth of all-carbon SWCNTs have been 
introduced.  
The scope of this thesis is to explore different routes that might be suitable for scaled up 
production and to provide a deeper understanding of the growth mechanisms for the 
catalyst-assisted and catalyst-free horizontally aligned single wall carbon nanotubes. 
Different methods for the preparation of such nanotubes were examined. The physical 
characteristics of the aligned tubes, including the yield, alignment, length and diameter 
distribution, are all studied and optimized for the proposed applications. The electrical 
characteristics of the CNTFET devices are also studied, bearing in mind that the SWCNTs 
are prepared and aligned following different approaches.  
 
The thesis is organized as follows: 
Chapter 1: The general properties of carbon nanotubes, along with the basic CNT 
synthesis methods are discussed. A brief introduction to SWCNTs electronic 
structure is also presented. The potential CNT based applications as well as the 
main challenges are summarized.  
Chapter 2: Different methods for fabrication of horizontally aligned SWCNTs are 
discussed, including growth-then-place (e.g. dielectrophoresis) and growth-in-
place (e.g. chemical vapor deposition), highlighting the advantages and limitations 
of each, along with the characterization techniques are reviewed. Details related to 
possible aligning forces, growth parameters and state-of-the-art results are 
provided. Technical approaches for the successful integration of SWCNTs in 
nanoelectronics are highlighted.  
Chapter 3: Results and characterization of dielectrophoratic assembled aligned 
SWCNTs in between metallic electrodes are presented. The effects of 
dielectrophoresis process, such as applied voltage amplitude and frequency, on the 
fabricated device behaviour are discussed.  
Chapter 4: In this chapter, the synthesis of catalyst-assisted SWCNTs by CVD is 
discussed. The results are discussed and organized in such a way so as to 
understand the influence of different process parameters allowing for one to 
                                                                                                                                                          Introduction 14 
overcome the drawbacks of the dielectrophoresis route. The yield, length and 
alignment of the grown SWCNTs are discussed and related to growth parameters. 
Chapter 5: Growth of catalyst-free SWCNTs nucleated from fullerene based structures is 
discussed in detail, with the aim of optimizing the yield of the as-grown SWCNTs 
and understanding the growth mechanisms in depth.  
Chapter 6: The electrical behaviour of the FET devices fabricated on horizontally 
aligned SWCNT was investigated. Both dielectrophoretic deposited and CVD grown 
nanotubes were used as the active part of the FET devices. For the CVD grown 
nanotubes, they are either nucleated by metallic catalyst or fullerenes.  
Chapter 7: Summarizes the results presented in this work finishing with realistic 
conclusions, and highlights interesting work for the future.  
 
 
 
 
 
 
    
 
   
   Chapter 1 
   
     
     
Carbon nanotube basics 
     
     
     
The element carbon appears in many different allotropes in all possible dimensions: 
diamond (3D), graphene (2D), carbon nanotubes (1D) and fullerenes (0D). These 
different allotropes provide a rich base of interesting properties. Carbon nanotubes 
(CNT) hold much promise due to the extraordinary thermal conductivity, mechanical 
and electrical properties they display. Their amazing properties make them extremely 
attractive candidCarbon nanotube basicsates for electronics, nanotechnology, optics and 
other fields of materials science and technology. Throughout this chapter, an overview 
on carbon nanotube properties, synthesis methods, potential application and challenges 
will be discussed.  
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1.1 sp2 hybridization 
The carbon atom (C) has six electrons. Two electrons are in the orbital s1 , two are in the 
s2  and the remaining two are in the p2  orbital. The two core electrons in the s1 orbital 
are strongly localized, and hence, exert only minor influence on the electronic properties. 
The orbitals of the four valance electrons in the s2  and p2  shells can mix quite easily, 
resulting in varied hybridization nsp  with n  ranging from one to three. Due to this 
hybridization, carbon can exist in a large variety of allotropes and consequently diverse 
electronic configurations. This hybridization possibility makes carbon an extraordinary 
element and extremely attractive for basic research as well as many different 
applications. One of the most studied hybridizations is the 2sp  hybridization, where the 
two electrons in the s2 shell and those in the p2 shell mix with each other. Usually, 
three of those, the σ  electrons, form trigonal strong binding with neighboring atoms. 
However, the forth pi  electron is perpendicular to the trigonal plane and weakly bond. 
The electronic properties are mainly determined by the pi  electrons, whereas the σ  
electrons are responsible for the mechanical properties.  
 
1.2 Graphene basics  
Graphene consists of one-atom-thick planar sheets of 2sp bonded carbon atoms that are 
densely packed in a honeycomb crystal lattice. The lattice constant is found to be ccaa 3= , 
where 142=cca pm is the nearest neighbor inter-atomic distance. The hexagonal lattice of 
graphene is shown in figure 1.1 (a). The graphene unit cell is a rhombus with a basis of two 
non-equivalent carbon atoms (A and B) (emphasized in blue in figure 1.1 (a)). Figure 1.1 (b) 
depicts the corresponding reciprocal lattice for graphene, where the unit cell and first Brillion 
zone along with the three high symmetry points Γ , K  and M are shown in green. The three 
points Γ , K  and M  are defined as the center, the corner and the center of the edge in the 
reciprocal unit cell, respectively. Furthermore, figure 1.1 shows the real space basis vectors 
1a
r
 and 2a
r
, as well as the reciprocal lattice vectors 1b
r
 and 2b
r
.  
In the x , y coordinate system, the real space vectors can be expressed as:  
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2
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a
aa =
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aa −=
r
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where 321 ccaaaa ===
rr
= 2.46Å is the lattice constant. Correspondingly, the basis vectors 
of the reciprocal lattice are given by: 
)2,
3
2(1
aa
b pipi=
r
,    )2,
3
2(2
aa
b pipi −=
r
. (1.2) 
The direction of the basis vectors in the reciprocal lattice are rotated by o30 with respect to 
the basis vectors in the real space.  
 
 
 
Figure 1.1: Real space lattice (a) and corresponding reciprocal lattice (b) of graphene 
sheet. Lattice vectors are shown and unit cells are highlighted in blue and green, 
respectively. 
 
The band structure of isolated graphene is shown in figure 1.2. The conduction and 
valance band touch at the six corners of the first Brillouin zone (K, K’), while they have a 
linear dispersion near the Fermi edge. The electronic density of state at these six 
touching points is zero.  
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Figure 1.2: Band structure of isolated graphene sheet.[1] The conduction band touches 
the valence band at the K and K’ points. 
 
1.3 Single wall carbon nanotubes basics  
The variety of carbon nanotubes is roughly divided into multiwall carbon nanotubes 
(MWCNT) and single wall carbon nanotubes (SWCNT). MWCNTs were introduced for 
the first time by Iijima in 1991, when he examined a carbon soot obtained from arc 
discharge of graphite electrodes via transmission electron microscopy (TEM). The 
observed structure was coaxial tubes of graphene sheets. Two years later, SWCNTs were 
successfully synthesized and identified.[2,3] SWCNT can be thought of as rolling up two 
dimensional 2sp graphene sheet in an unidimensional cylindrical form. The way the 
graphene sheet is rolled up, defines the resultant spiral form of the tube with axial 
symmetry and is called the chirality of the SWCNT. The chirality is described by the 
chiral vector or Hamada vector (The vector OA in figure 1.3). The chiral vector is defined 
as  
),,(:21 mnamanCh =+=
rrr
 (1.3) 
where n and m are integers (0 ≤ |m| ≤ n), 1a
r
 and 2a
r
 are real space unit vectors of a 
hexagonal lattice as shown in figure  1.3. The angle between hC
r
and 1a
r
is defined as the 
chiral angle, which is in the range o300 ≤≤ θ . It is calculated as follows: 
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Figure 1.3: Schematic honeycomb lattice of graphene presenting basis vectors, chiral 
and translational vectors for the SWCNT created by rolling up the highlighted section 
( BOAB' ) 
 
The circumference L  of the SWCNT can be determined by the length of the chiral vector. 
Thus, the tube diameter can be directly deduced from the chiral vector, and is defined as 
the following,  
./// 22 pipipi nmmnaCLd h ++===
r
 (1.5) 
The graphene sheet is rolled up so that the equivalent atoms O  and A (as well as B and 
'B ) coincide. The translational vector T
r
 along the tube axis, also depicted in figure 1.3, 
is the unit vector of a 1D carbon nanotube and is parallel to the nanotube axis. The 
translational vector is normal to the chiral vector hC
r
in the unrolled honeycomb lattice. 
It is expressed in terms of the basis vectors 1a
r
 and 2a
r
 as  
).,(: 212211 ttatatT =+=
rrr
 (1.6) 
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Given that 0. =TCh
rr
, one can obtain expressions for 1t  and 2t , as Rdnmt /)2(1 +=  and 
Rdmnt /)2(2 +−= , where Rd  is the greatest common divisor of )2( nm +  and )2( mn + . 
Now, as shown in figure 1.3, the unit cell of a 1D SWCNT is the rectangle BOAB '  defined 
by hC
r
 and T
r
, while the 1a
r
 and 2a
r
 define the area of the unit cell of 2D graphene. Bearing 
this in mind, the number of hexagons per unit cell N as a function of ),( mn  is given by 
dividing the surface area of the SWCNT unit cell by the area of graphene unit cell,  
R
h
d
nmmn
aa
TC
N )(2
22
21
++
=
×
×
= rr
rr
. (1.7) 
Then, the number of carbon atoms in each unit cell of the carbon nanotube is N2 , since 
each hexagon contains two carbon atoms.  
SWCNTs are expressed in general in terms of the two integers n and m , and are divided 
into three main categories (see figure 1.4).  
-  Armchair: in the case of mn =  ),( nnCh =
r
 for o0=θ  pi/3nadt =  nN 2=  
-  Zigzag: in the case of 0=n  )0,(nCh =
r
 for o30=θ  pi/nadt =  nN 2=  
-  Chiral: in all other cases ),( mnCh =
r
    
 
 
 
Figure 1.4: Schematic atomic configuration of different SWCNTs, a) armchair (5,5), b) 
zigzag (9,0), and c) chiral (10,5). The atoms along the chiral vector are highlighted in red.  
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In order to derive the electronic properties of a SWCNT, a description in reciprocal space 
is reasonable. The corresponding reciprocal vectors to the real space vectors of a 
SWCNT are 1K
r
 and 2K
r
. While 1K
r
 corresponds to hC
r
 in the circumferential direction, 2K
r
 
is parallel to T
r
 along the tube axis. The reciprocal lattice ( iK
r
) is defined by the 
orthogonality relation iR
r
. ijjK piδ2=
r
, where iR
r
 and jK
r
are the lattice vectors in the real 
and reciprocal spaces, respectively. Then, the first Brillouin zone of the SWCNT is 
expressed by chiral and translational vectors ( hC
r
, T
v
) as follows  
pi2. 1 =KCh
rr
      ,      0. 2 =KCh
rr
      ,      0. 1 =KT
rr
      ,      pi2. 2 =KT
rr
,     (1.8) 
the primitive vectors of the SWCNT reciprocal lattice then expressed using the 
definitions of the reciprocal space lattice vectors. 
N
btbtK )( 21121
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r +−
=       ,     
N
bnbmK )( 212
rr
r +
= . (1.9) 
Because of the 1D structure of SWCNT (viz., a finite number of carbon atoms along the 
circumference), the reciprocal vector 1K
r
becomes discrete in the direction of hC
r
, 
whereas 2K
r
 is continuous for an infinitely long SWCNT. Hence, the first Brillouin zone of 
1D SWCNT becomes a system of parallel lines with length of TK
rr
/22 pi=  and distance of 
1K
r
. Two points in the reciprocal space are equivalent if the difference between them 
is )( 21121 btbtKN
rrr
+−= , which is the translational vector of a graphene lattice. All other 
vectors 1Kq
r
, with 1,...,2,1 −= Nq  (with N  is the number of hexagons per unit cell) are 
not equal, since a common divisor for 1t  and 2t does not exist other than unity. Then, the 
reciprocal lattice vectors of SWCNT can be expressed as  
)( 1
2
2 Kq
K
Kk
r
r
r
r
+= µ ,      
TT
piµpi <<− , and Nq ,...,1,0= . (1.10) 
 
Therefore, the N  allowed wave vectors 1Kq
r
 give rise to a set of N  parallel line 
segments in reciprocal space separated by 1K
r
. The length of the these line segments, 
TK
rr
/22 pi= , represents the length of the one dimensional first Brillouin zone. The SWCNT 
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energy dispersion is then a set of N 1D energy dispersion relations, obtained by cutting the 
2D graphene energy dispersion at the k
r
 fulfilling the condition in equation (eq. 1.10), and 
is expressed as follows, 
)()( 1
2
2
2 KqK
KEkE DgSWCNT
r
r
r
r
+= ±± µ , 
TT
piµpi <<− , and Nq ,...,1,0=  (1.11) 
the position and directions of the cutting lines are uniquely dependent on the tube 
chirality ),( mn . Thus, SWCNTs with different chiralities have different energy bands. 
Referring to the graphene energy dispersion (see Figure 1.2), there are two points ( K  
and 'K ) where the valence and conduction bands are in contact. When the energy 
dispersion of a given SWCNT passes through one of those two vertices, then this tube is 
metallic. Otherwise, a gap appears in the band structure and the tube is semiconducting. 
Examples of reciprocal lattice of different SWCNTs based on the graphene first Brillioun 
zone are presented in figure 1.5. The line segments of the metallic tubes cross the 
corners )',( KK  of the Brillouin zone of graphene, while the segments of semiconducting 
nanotubes miss them.  
 
 
 
 
Figure 1.5: Reciprocal lattice of different SWCNTs, a) armchair (4,4), b) zigzag (9,0), c) 
zigzag (10,0) and d) chiral SWCNTs. While (a and b) are metallic, due to the crossing of 
k
r
vectors through K point, (c and d) are semiconducting, because of the noncrossing of 
K point.  
 
SWCNTs which achieve the following condition are metallic, while other tubes which do 
not fulfill it are semiconducting.  
ℵ=+ 32 mn ,  ℵ being an integer. (1.12) 
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Given that n  and m are independent, one third of the synthesized SWCNTs are expected 
to be metallic, while the other two thirds are semiconducting. However, the SWCNTs 
with small diameter ( nm1≤ ) have reduced pi  orbital overlap due to the tubes’ curvature. 
This reduction causes a small dislocation of the K
r
vector, which no longer passes 
through the vertex. These tubes have a band gap typically of tenths of meV  and are 
called semi-metallic.  Nevertheless, the armchair tubes are always metallic regardless of 
their diameter. Figure 1.6 shows the energy dispersion relation in units of the hopping 
parameter 0γ  for three cases. Two metallic tubes, including an armchair )5,5(  with two 
degenerate bands crossing the Fermi level pFE 2ε= , and a zigzag tube )0,9(  with one 
double degenerate band crossing the Fermi level. The third tube is a zigzag tube )0,10(  
showing a band gap of about 04.0 γ  representing semiconductor behavior.  
 
 
 
Figure 1.6: Energy dispersion of SWCNTs,[4] a) (5,5) armchair , b) (9,0) zigzag and c) 
(10,0) zigzag. The metallic tubes (5,5) and (9,0) cross the 0=FE at 3/2pi±=ka  and 0=k , 
respectively.  
 
To summarize, the electronic properties of the SWCNTs are very sensitive to the tube 
chirality ),( mn  yielding metallic, semi-metallic (small-gap semiconducting) or 
semiconductor behavior. The energy gap of the SWCNTs is inversely proportional to 
their diameter, as shown in experimental and theoretical studies.  
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1.4 Synthesis of single wall carbon nanotubes  
SWCNT synthesis routes should achieve two main requirements. The tubes should be 
defect-free, so that one can make use of the above mentioned attractive electronic 
properties. Defects can alter the electronic structure of the SWCNTs, resulting in the 
tubes behaving in an unpredictable way.[5] In addition, the synthesis should have a high 
yield and be scalable with efficient and cost-effective routes in order to become 
competitive with the currently used technology.[6,7] Many approaches have been 
developed in order to achieve the previous requirements. The three main routes are: the 
arc-discharge, laser ablation and chemical vapor deposition.  
 
1.4.1 Arc discharge 
The arc-discharge method is based on applying a voltage of approximately 20 to 35 V 
between two opposing high-purity graphite electrodes in a gaseous background (usually 
argon/hydrogen).[2] The gas between the electrodes is ionized and a hot plasma is 
formed. This evaporates the carbon and meanwhile it cools and condenses so that some 
of the product forms as filamentous carbon on cathode.[8] The arc-discharge has been 
developed into an excellent method for producing both high quality SWCNTs and 
MWCNTs in gram quantities.[8] For the growth of SWCNTs, a small amount of metal 
catalyst material is added to the negative electrode.[9]The MWCNTs have a length up to 
10 µm and diameter distribution of 5-30 nm. While the grown SWCNTs are normally of 
high quality with a diameter distribution of 1.2 – 1.5 nm.[10] Furthermore, the 
synthesized SWCNTs include a low percentage of MWCNTs and they are typically 
bounded together in form of bundles due to the van der Waals interaction. 
 
1.4.2 Laser ablation 
Another well established CNT synthesis method is laser ablation, [11] which historically 
lead to the discovery of fullerenes.[12] Here, a continuous [13] or pulsed [14] laser beam 
is used to vaporize a graphite target pre-mixed with a metallic catalyst in a high 
temperature furnace filled with inert gas (e.g., helium, argon and nitrogen).[15] The 
CNTs form in the gas phase and then are transferred towards a cold finger in the inert 
gas flow, where they are later collected. The CNTs produced by laser are SWCNTs, rather 
than MWCNTs, with high quality, high yield and narrow diameter distribution,[16] and 
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tend to bundle up into ropes.[17] A SWCNT yield up to 70% can be obtained. Variations 
of synthesis parameters, e.g. furnace temperature, allow fine tuning of the diameter and 
diameter distribution.[16,18] Grams of high quality SWCNTs (up to 10 grams) can be 
synthesized with this technique per day.[17] However, the high cost of special lasers 
makes laser ablation not the most economic method.  
 
1.4.3 Chemical vapor deposition  
In the chemical vapor deposition (CVD) method, a hydrocarbon gas is catalytically 
decomposed at high temperature (500 – 1000 °C) inside a tube reactor under low or 
atmospheric pressure, leading to the production of either multi wall or single wall CNTs, 
depending on the synthesis parameters.[19] The process involves the dissociation of 
hydrocarbon molecules resulting in free carbon atoms, which are later absorbed by the 
catalyst nanoparticle. Upon saturation, carbon atoms start to precipitate from the 
saturated nanoparticle in tabular form with 2sp configuration. The tabular structure is 
energetically much preferable due to the lack of dangling bonds compared with other 
2sp structures.[20] Different metals and oxides were successfully used to catalyze the 
growth of SWCNTs, such as Co, Ni, Fe, Al, Au, Mo, W, SiO2, Mg2B2O5 etc. In addition, many 
hydrocarbon precursor, e.g. methane, acetylene, benzene and ethanol, and carrier gases 
(dilution gases), e.g. hydrogen, argon and helium, have been demonstrated for synthesis 
of carbon nanotubes by CVD. Their effect on the diameter distribution, length, yield and 
quality are well studied and understood. The catalyst can be in powder form, thin film or 
individual nanoparticles loaded on a support substrate. The as-produced carbon 
nanotubes are in form of support-free powder, or supported randomly oriented, 
vertically or horizontally oriented tubes.  
The straight forward scale-up possibility,[21] ease of use and the compatibility with the 
silicon industry are all advantages of this method.[22,23]  
 
1.4.4 The as-produced carbon nanotubes  
Two types of carbon nanotubes exist. They are single wall carbon nanotubes and 
multiwall carbon nanotubes. The SWCNT synthesis requires a nucleator (catalyst), while 
MWCNT can be synthesized without such a catalyst. SWCNTs were produced by acr-
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discharge, laser ablation and CVD. On the other hand, arc-discharge and CVD were used 
in order to synthesize MWCNT.  
The synthesized CNTs can be in free-stand (powder) form or supported. The latter can 
be randomly oriented, vertically or horizontally aligned. CNT ropes consisting of 100–
500 support-free aligned SWCNTs in a closely stacked two-dimensional triangular lattice 
arrangement were reported as early as in 1996 using a laser ablation method.[17] Later, 
CVD was demonstrated frequently for the growth of dense vertically aligned tubes, 
either supported or support-free.[24-26] Vertical CNT alignment relies on the density of 
the growing tubes, which results in a “crowding effect”. As the nanotubes grow, their 
outer shells interact with the neighboring nanotubes by van der Waals interactions [27] 
forming rigid bundles stiff enough to keep growing along the primary direction away 
from the substrate. Vertically aligned CNTs length can vary from a few micrometers up 
to a few centimeters.  
The growth of horizontally aligned CNTs by CVD was successfully shown in many 
reports. Different approaches were used to align the synthesized tubes, e.g. the use of 
special single crystal substrates and the hydrocarbon gas flow. Review of these various 
approaches and the effect of the process parameters on the alignment is introduced in 
chapter 2.  
The application where the CNTs are to be used, in addition to different other parameters, 
determines the appropriate synthesis method. Consequently, the growth parameters 
should be optimized in order to fulfill the application requirement, i.e. SWCNTs vs. 
MWCNTs, free-standing vs. supported nanotubes and randomly or oriented 
nanotubes.[28] 
 
1.5 Potential applications of single wall carbon nanotubes  
Due to their extraordinary properties, CNTs are demonstrated in many different 
applications. Potential applications vary from nanocomposites based on bulk 
unorganized CNTs [29] up to molecular electronics with individual or aligned 
SWCNTs.[30-33] Other applications include implementation of CNTs in 
nanoelectromechanical systems, such as mechanical memory elements and nanoscale 
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electric motors as well as in solar cell panels as they display strong UV/Vis-NIR 
absorption characteristics.  
A main research field is to integrate them in nanoelectronic applications and to use their 
super electronic properties. This includes the fabrication of field effect transistor based 
on semiconducting SWCNTs, while metallic tubes are proposed to be used as connectors 
in the electrical circuit.[19] The fabrication of thin film transistor using a thin film of 
SWCNTs, either aligned tubes or a random network is also demonstrated.[33] Large 
structures of carbon nanotubes can be used for thermal management of electronic 
circuits.[34] Overall, incorporating carbon nanotubes as transistors into logic-gate 
circuits with densities comparable to modern CMOS technology has been 
demonstrated.[19] However, huge effort is continuously invested in this direction with 
the aim of commercial integration of SWCNTs in nanoelectronic technology.  
 
1.6 Challenges facing single wall carbon nanotubes 
Huge success in the field of synthesis of CNTs, as well as commercial delivery of CNT-
based products for some applications has already been achieved. However, there are 
other challenges which still hinder the realization of other demonstrated applications, 
e.g. CNT based molecular electronics. Various requisites for SWCNT based electronics on 
a large scale (e.g. density, alignment, uniformity, etc) need to be accomplished at low 
temperature in an economically viable manner. Great strides have been made in terms 
of their quality, length, density control and alignment. Control of SWCNT orientation was 
achieved with different routes, some of which require post treatment for dispersion, 
purification and separation, resulting in short and defected nanotubes,[35,19] which 
seriously affects their entire properties and limits their use in realistic applications. 
Fortunately, such problems are now almost solved with the use of CVD, where the 
produced tubes are oriented within the growth process using different external forces 
without the need of post treatment.[36,37] Nevertheless, the need to reproducibly 
fabricate SWCNTs with defined chirality is vital.[38] Full chiral control over arrays of 
tubes has yet to be achieved, however it is foreseeable that in the future this will be 
overcome. One strategy, for example, might be to have libraries of SWCNTs with defined 
chiralities which serve as cloning seeds for arrays of tubes with a chosen 
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chirality.[19,39] Well defined chiral samples are now emerging. In addition, the rise of 
catalyst free (e.g. fullerene nucleators) or stable (e.g. oxides) catalyst systems that 
reduce or remove technical difficulties due to metal diffusion in devices is also 
positive.[40] Catalyst free growth is particularly exciting as it paves the way for the 
reliable cloning of a seed tube’s chirality as compared to a catalyst particle that is 
susceptible to altering chirality in an undesired fashion. Impressive success was 
achieved with oxide nanoparticles for growth nucleation,[41,42] while further effort 
should be invested in order to fabricate catalyst (metal and oxides)-free SWCNTs.  
Thus, our ability to control SWCNT spatially and in multiple manners is now reaching 
maturity in the sense that sufficient synthesis strategies with high levels of 
understanding exist making the challenges less fundamental in nature, but more of an 
engineering issue. Throughout this work, systematic studies were done with the aim of 
developing well controlled routes for the growth of metal-free horizontally aligned 
single wall carbon nanotubes with controlled yield. The grown tubes are demonstrated 
in basic field effect transistor devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
   
   Chapter 2 
   
     
Fabrication and characterization of horizontally aligned SWCNT   
Horizontally aligned single wall 
carbon nanotubes: a review of  
fabrication and characterization 
 
2.1 Introduction  
The ability of SWCNTs to be either metallic or semiconducting depending on their 
chirality makes them ideal building blocks for nano-electronics, e.g., field-effect 
transistors (FETs),[43] logic circuits,[44] biosensors [45] and environmental and 
medical sensors.[46] However, various hurdles remain in the development of SWCNTs 
for large scale electronics. Two key areas still require further development, namely, 
chirality management and reproducible control of their spatial position and 
orientation.[47] The need for horizontally aligned SWCNTs lies in their potential to 
provide arrays of devices, e.g., FETs and interconnects. In addition, when using SWCNTs 
for high frequency devices, closely packed arrays of parallel nanotubes are required in 
order to sustain relatively large currents.[48] Hence, the synthesis of long horizontally 
well-aligned dense SWCNTs arrays on substrates appropriate for the electronics 
industry is an important area.[30] 
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Many techniques have been developed to produce post synthesis aligned SWCNTs 
(growth-then-place techniques), for example, controlled flocculation,[49] 
dielectrophoresis [50-53] and the Langmuir-Blodgett route.[54] The advantages of post 
synthesis routes are that the production process can be achieved at significantly lower 
temperatures (even at room temperature) [53] and so can be easily formed on different 
substrates, including flexible substrates.[35] However, the major drawback is the 
process steps inherently required, for the most part, limit the quality of the aligned 
tubes. Moreover, the levels of reproducibility and spatial control are limited.[35] 
Among the different synthesis techniques for growing SWCNTs, chemical vapor 
deposition (CVD) is found to be the most promising for producing dense horizontally 
well-aligned SWCNTs.[30,36,37,55,56] As compared to other routes, CVD holds the 
greatest promise due to its simplicity and up-scalability.[21] CVD can provide defect-
free clean long aligned SWCNTs in a single step (Growth-in-place), while other routes 
require multiple preparation steps.[33,50,54]  
Furthermore, CVD offers spatial, orientation and length control of individual SWCNTs 
with a high degree of physical and electrical contact with the substrate. However, the 
risk of destroying pre-existing structures during the synthesis due to relatively high 
growth temperatures and the lack of reliable routes for growing all-semiconducting 
nanotubes are still challenges that need to be overcome for full implementation in 
SWCNT based electronics.[35] Never-the-less, many positive developments have been 
made and CVD is a well established technique within the microelectronics industry. 
Thus it remains one of the more promising routes for SWCNT based electronics. 
To this end, two aligning techniques have been used throughout this work in fabrication 
of horizontally aligned SWCNTs. They are dielectrophoresis as an example of growth-
then-place techniques and CVD for the growth-in-place methods. The morphology, 
alignment and electrical characteristics of the produced aligned SWCNTs with both 
methods are compared. So far, a review of the principle, as well as important process 
parameters with their effect on the fabricated SWCNTs array is discussed for each 
method in this chapter. Initially a brief introduction is given to the reader regarding to 
the technical aspects of CVD grown SWCNTs, followed by a description of different 
techniques frequently used in characterization of aligned nanotubes.  
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2.2 The requisites of horizontally aligned single wall carbon 
nanotubes 
When discussing the growth of CVD-grown horizontally aligned SWCNTs, various 
aspects need to be considered. For example, the quality and length of the as-grown tubes, 
the spacing between the tubes, inter-tube overlap, diameter distribution and tube 
electronic type (metallic or semiconducting) are all important. In terms of tube quality 
the goal is to obtain SWCNTs with as few crystallographic defects as possible (e.g., 
atomic vacancies, Stone-Wales defects where pentagon-heptagon pairs form etc.). This is 
because defects can change the mechanical, thermal, electronic and even magnetic 
properties of SWCNTs.  
As already highlighted, in general, it is well established that as-grown horizontally 
aligned SWCNTs by CVD are of high quality.[56-58] The length of the as-grown tubes 
varies from few micrometers [59-61] up to many centimetres [32,37,39] and depends 
on the substrate being used and alignment/orientation technique employed. The best 
aligned tubes tend to have lengths up to a few hundred micrometers,[30,37,55,56] while 
very long tubes (centimetre range) [32,62] often show small deviations in their 
alignment. Usually the diameter of the tubes is homogeneous over their entire length 
provided that the growth conditions are not altered during synthesis. Such tubes allow 
the fabrication of multiple FET devices from a single tube with each FET having the same 
I-V characteristics.[32] However, the growth of multiple aligned tubes with the same 
chirality (and hence identical electrical properties) remains a challenge. Nevertheless, 
narrow diameter distributions (distribution full width at half maximums up to 0.1 nm) 
have been demonstrated.[32,39,62] In addition, some degree of chiral control can be 
achieved leading to be either semiconducting-rich or metallic-rich horizontally aligned 
SWCNTs samples.[63-65] When the SWCNTs are to be used for multiple device 
fabrication, the physical spacing between the aligned tubes needs to be considered and 
can vary from a few micrometers down to a few nanometers.[37,66,67] In this vein, the 
yield of horizontally aligned SWCNTs is usually referred to the number of tubes per unit 
length (viz. SWCNT.µm-1). One of the difficulties with increasing the SWCNT yield or 
density is an increase in the number of tube overlaps which can negatively affect their 
electrical behavior and hence application potential.[33] Techniques to reduce this 
include the use of a patterned catalyst in terms of well determined stripes on the 
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substrate so that after the CVD reaction well aligned tubes were found on catalyst free 
regions.[37,68,69] Another approach involves the use of thermal treatments of the 
single crystal substrates prior the CVD process to minimize overlapping tubes.[70]  
 
2.3 Characterization of horizontally aligned single wall carbon 
nanotubes 
 
2.3.1 Electron microscopy 
 
- Scanning electron microscopy 
A scanning electron microscope (SEM) was introduced for the first time in 1935 by Max 
Knoll. SEM is one of the most frequently used techniques in sample characterization, due 
to its good resolution, ease of applicability, large depth of focus and high magnification.  
SEM is a type of electron microscope that images a sample by raster scanning it with a 
focussed beam of high-energy electrons. In a typical SEM, an electron gun emits a high 
energy electron beam in a high vacuum chamber. The beam passes through a series of 
focussing and accelerating magnetic lenses. The accelerated electrons carry significant 
amounts of kinetic energy. This energy is dissipated as a variety of signals produced by 
electron-sample interactions when the incident electrons are decelerated in the solid 
sample. These signals include secondary electrons (that produce SEM images), 
backscattered electrons, diffracted backscattered electrons, photons, visible light and 
heat. They contain information about surface morphology, chemical composition and 
crystalline structure.  The generated signals are then drawn to the secondary electron 
detector which is highly positively charged and guided through the Faraday cage to the 
collection target. Finally they are converted into 2D greyscale images.  
The fact that the SWCNTs in this study are lying on insulating substrates (quartz) 
requires a deep understating of the effect of the substrate on the characterization.[71] 
When the accelerated electron beam strikes the nanotubes situated on insulator 
substrates, the injected charges will accumulate over them, rather than flow to the 
ground. In addition, the insulating substrate surface charging potential affects the 
accumulation and discharge of electrons on SWCNTs. Electron accumulation on SWCNTs 
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located on positively charged insulating substrates yields larger negative potential on 
the nanotubes compared to the substrate itself. This enhances the emitted secondary 
electrons from the SWCNTs and thus yields a brighter contrast. However, on positively 
charged insulating substrates, the SWCNTs appear larger than their actual diameter due 
to the spread of electrons on the nanotubes into the substrate vicinity within the range 
of the electron diffusion length. This in turn induces extra negative charges on the 
substrate surface surrounding the SWCNT, and hence makes that region look brighter 
than the rest of the substrate. On the other hand, the electron diffusion between the 
negatively charged insulating substrates and SWCNTs is suppressed. Consequently, the 
SWCNTs appear with diameters smaller than that observed on a positively charged 
substrate. The substrates surface potential depends on the energy that the primary 
electrons carry which depends on the acceleration voltage. Hence it is possible to 
enhance the produced image quality by choosing the acceleration voltage appropriately. 
More energetic electron beams penetrate deeper into the substrate, resulting in 
increments in the secondary electron intensity coming from the substrate, while that 
from the SWCNTs remains constant. Consequently, the nanotube-substrate contrast 
decreases with increasing acceleration voltage and it reverses when it is sufficiently high. 
However, the level to which the acceleration voltage can be increased is limited to small 
values (< 5 KV) because of the charge accumulation on the insulating substrates surface.  
 
- Transmission electron microscopy 
Transmission electron microscopy (TEM) is another type of electron microscope, in 
which a beam of accelerated and focused electrons is transmitted through an ultra thin 
specimen, interacting with the specimen as it passes through. Since TEM uses an 
electron beam instead of optical light, it gives up to sub-nanometer (atomic) resolution. 
The emitted electrons from an electron gun travel through a high vacuum chamber, 
where they are accelerated with acceleration voltage between 60 KV and 300 KV and 
directed through a double or triple electromagnetic condenser lens, eliminating the 
specimen. When the focused electron beam passes the specimen, some of the electrons 
are scattered by the electrostatic potential of the atoms in the sample, depending on the 
imaged material density and makeup. The objective lenses then focus the passing 
electron beam, while the following projector lenses magnify the resultant diffraction 
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pattern (image). A fluorescent screen or a CCD camera is used to display an image for 
the portion of the specimen where the beam travels through.  
The phase and amplitude of the incoming plane electrons wave are modified depending 
on the structure of the thin sample (nanometer thick). The incoherent electron 
scattering as well as the coherent electron diffraction is responsible for the produced 
image contrast. Sample thickness and atomic number of the characterized material 
result in scattering of the electrons in a specific angle outside the imaging area. However, 
additional diffraction comes from the coherent superposition of scattered waves in the 
crystalline systems. Dark areas appear for those areas that fulfil Bragg’s law and result 
in stronger electron scattering. An improvement in TEM was achieved and is referred to 
as High resolution TEM (HRTEM), which is based on the phase shift between the 
scattered and unscattered waves (coherent electrons). This phase shift leads to the 
formation of an image for the crystal lattice of the sample under consideration.  
 
2.3.2 Scanning probe microscopy 
 
- Atomic force microscopy 
Atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy. 
The first AFM model was invented by Binnig, Quate and Gerber in the early 1980s at the 
IBM Research Labs - Zurich.[72] The information is gathered by "feeling" the surface 
with a mechanical probe fixed on a cantilever. This mechanical probe (tip) scans the 
measured surface in a raster scan manner. Piezoelectric elements that facilitate tiny, 
accurate and precise movements control the probe motion. AFM uses a laser beam 
detection system in order to control the piezoelectric element movements, where the 
laser is reflected from the back of a cantilever onto a position-sensitive detector. AFM 
normally can work in three main modes. These are: the contact mode, the noncontact 
mode and the dynamic mode (tapping mode). The latter is the most commonly used 
mode. Tapping mode imaging is implemented in ambient air by oscillating the cantilever 
assembly at or near the cantilever's resonant frequency using a piezoelectric crystal. The 
piezo motion causes the cantilever to oscillate with a high amplitude (typically greater 
than 20nm) when the tip is not in contact with the surface. The forces acting on the 
cantilever, when the tip comes closer to the surface, cause the oscillation amplitude to 
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decrease. Based on the feedback signal from the laser detection system, an external 
electronic controller controls a piezoelectric actuator keeping the cantilever oscillation 
amplitude constant as the cantilever is scanned over the sample. Therefore, a tapping 
AFM image is produced by imaging the force of the intermittent contacts of the tip with 
the sample surface. 
The resultant information from AFM ideally is topographical images for the scanned 
object. From such images, the object height, size and shape can be read.  
 
- Electrostatic force microscopy 
The Electrostatic force microscope (EFM) is a modified version of AFM where a 
conductive tip is connected to an independently controlled bias. The bias is used to 
create an electrostatic field between the tip and the imaged surface. EFM operates in a 
dual scan technique, where the topography of each scan line is first obtained by 
standard tapping mode AFM. In the second scan, the topographic data is used to retrace 
the first line with a constant tip-sample separation, where the long range Coulomb 
interaction between a (biased) conducting tip and the sample surface controls the 
cantilever deflection and oscillation. The cantilever deflection is then translated into 
colour coded 2D images. EFM can emphasize small objects which are not obvious in AFM 
images. In addition, EFM can be used to distinguish between conductive and insulating 
regions in a sample.  
 
2.3.3 Spectroscopy 
 
- Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique that provides information about 
molecular vibrations and can be used for sample identification and quantification. It is 
based on Raman scattering when a monochromatic light hits a sample. The laser light 
interaction with molecular vibrations and phonons, results in up or down shifts in the 
energy of the laser photons. The energy shift provides information about the vibrational 
modes in the system.  
The Raman effect occurs when light impinges upon a molecule and interacts with 
the electron cloud and the bonds of that molecule. As a result, a photon excites the 
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molecule from the ground state to a virtual energy state. Later, the molecule returns 
back to a different rotational or vibrational state  emitting a photon in the process. A 
detector detects the energy of the released photon which equals to the energy difference 
between the original state and the new molecule state. This energy difference leads to an 
up or down shift in the emitted photon's frequency away from the excitation wavelength 
frequency.  
Raman spectroscopy is a powerful technique used to analyze carbon nanotubes through 
the G mode (tangential phonon modes), the D band (disorder-induced features) and the 
well-known radial breathing modes (RBM). The G mode corresponds to planar 
vibrations of carbon atoms and is present in most graphite-like materials [73]  and 
positioned around 1580 cm−1. The D mode is related to the structural defects and is 
present in all graphite-like carbon materials. Hence the G/D ratio is frequently used to 
quantify the SWCNTs structural quality.[73] A higher G/D ratio indicates higher quality 
SWCNTs, while defected-SWCNT has higher D band intensity and therefore low G/D 
ratio. The presence of RBM modes is a signature for SWCNTs and corresponds to the 
radial expansion-contraction of the nanotube and is typically located in the range 100 – 
350 cm-1. The RBM mode frequency (ωRBM) depends on the nanotube diameter,[74] and 
hence it is conventionally used to estimate the tube diameter through the relation ωRBM 
= α/dt, where α = 248 [cm−1 nm].[75]  
 
2.4 Fabrication of horizontally aligned single wall carbon nanotubes  
 
2.4.1 Dielectrophoresis (Growth-then-place)  
In the dielectrophoresis (DEP) route, the CNTs, which are initially in bundles, are 
dispersed in a solution and then dropped in between two metallic electrodes, where a 
nonuniform electrical field is applied. Because of the applied electrical field, the CNTs 
segments are re-arranged and aligned forming a bridge across the metallic 
electrodes.[76,77] The dispersion of CNTs bundles in a solution demands in essence 
sonication and centrifugation, which  shortens the tubes, introduces defects and leaves 
undesired remnant molecules on their surface. However, the significant low production 
temperature (room temperature) [76] allows formation of such aligned tubes on pretty 
much any substrate, including flexible substrates [35] and the cost-effective scale-up to 
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large areas make dielectrophoresis attractive.[33] On the top of that, DEP can be 
advantageous over other techniques because it allows the materials to be directly 
integrated to prefabricated electrodes at the selected positions of the circuits and does 
not require post etching or transfer printing.[52] 
 
2.4.1.1 The dielectrophoresis Principle  
The term “Dielectrophoresis” was introduced for the first time in 1951 by Herbert 
Pohl.[78,79] Pohl defined dielectrophoresis as the translational motion of neutral matter 
caused by polarization effects in a nonuniform electric field.[80] He managed to direct 
the movement of plastic particles with the application of nonuniform electric field. Later, 
in the 1980s, huge progress regarding dielectrophoresis was achieved benefiting the 
success of micro-chip technology, which allowed the fabrication of smaller electrodes, 
and hence devices can operate with much lower voltages. This encouraged many 
research groups to use dielectrophoresis in nanotechnology, where dielectrophoresis 
can be used for the separation and localization of nanoparticles. So, dielectrophoresis 
definition is modified as it is a phenomenon in which a force is exercised on 
a dielectric nanoparticle when it is subjected to a non-uniform electric field,[80-83]  as 
all particles exhibit dielectrophoretic activity in the presence of electric fields. Due to the 
presence of infinitesimal dipoles randomly oriented inside them, the manipulation of 
such nanoparticles with an applied external electric field is possible. Placing the 
nanoparticles inside an external electric field changes the orientation of those dipoles 
along the field. This leads to the polarization of the nanoparticles. The external 
nonuniform electric field induces a force on the polarized object, which causes 
movement of these particles towards the region of highest field intensity. Also, the 
strength of the induced force depends on the medium, the particles' electrical properties, 
the frequency and the amplitude of the voltage used to generate the electric field.[52,78] 
In addition, the geometry of the nanoparticles is an important factor affecting the 
strength of the induced dielectrophoresis force. Consequently, a field with a particular 
frequency can manipulate particles with a given geometry with a great selectively.  
In the next section, a detailed discussion regarding the induced dielectrophoresis on 
cylindrical particles is given, bearing in mind that the focus of this work is carbon 
nanotubes.  
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2.4.1.2 Dielectrophoretic deposition of single wall carbon nanotubes  
The electrical force depends on the particle volume, the Gaussius Mossoti factor, which 
is based on the geometry of the object under consideration and the field gradient. The 
frequency of the applied electric field is also an effective parameter. The particles inside 
an electrical field (CNTs) either move in the direction of the increasing electric field 
(positive dielectrophoresis) or away from the high gradient region (negative 
dielectrophoresis).[84] Given that the CNTs are cylindrical, CNTs have two force 
components; a longitudinal and a transverse component. The high length/diameter ratio 
(aspect ratio) causes the longitudinal component to be much larger than the transverse 
force and more effective. Thus, the net force acting on the CNT in a nonuniform external 
field can be assumed to be predominantly longitudinal.[84] The longitudinal dielectric 
response for a CNT is characterized by the polarizability per length unit of an isolated 
tube, and has a dependency on the tube band gap,[85] which is directly proportional to 
the tube diameter for the semiconducting CNTs.[86] Hence, in a solution of 
semiconducting CNTs (sc-CNT) with different diameter (and hence, different band gaps), 
each sc-CNT experiences a different dielectrophoretic force at a given applied electric 
field with a specific frequency.[33] Successful deposition of semiconducting tubes 
between the electrodes, where the electrical field is applied, requires the 
dielectrophoretic force exposed on a tube to be larger than the random/thermal-
induced motion of the CNT.[33,84] Thus, at any deposition frequency, only sc-CNTs with 
a band gap lower than the threshold value experience the dielectrophoratic force, and 
hence can be deposited. CNTs with larger diameter remain suspended in the solution. 
This fact makes the separation of metallic versus semiconducting tubes or band gap 
dependent separation possible,[50] but not semiconducting versus metallic ones. Hence, 
upon applying an external electric field with a high frequency, only metallic tubes or 
semiconductor ones with very small band gaps are deposited. On the other hand, 
applying an electric field with a low frequency leads to the deposition of metallic tubes 
as well as semiconducting ones with band gaps lower than the threshold value.[51] 
Further steps should be implemented in order to remove metallic tubes via 
controlled electrical breakdown.[51] Another strategy is to deposit highly enriched sc-
SWCNTs dispersed in aqueous solution, prepared by solution based sorting techniques 
such as density gradient ultracentrifugation, as shown in figure 2.1.[51] It was shown 
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that by using ac dielectrophoresis in order to deposit sc-SWCNTs from a high-quality 
semiconducting enriched (99%) aqueous solution,  tubes densities up to 25 tubes/cm-1 
can be achieved. Tuning the tubes density was achieved by varying the frequency of the 
applied voltage. The device mobility linearly depends on the nanotube density over the 
channel, however, it may saturate at a threshold point because of the increase in tube-
to-tube resistance.[51] It is also demonstrated that the on/off ratio is inversely 
proportional to the deposited SWCNT density.[67] Similarly, a pure sc-SWCNTs 
(enriched single chirality) solution was prepared by the selective functionalization of 
SWCNTs with diazonium reagents to remove most of the metallic species and 
impurities.[87] Later, this solution was used to fabricate solution-processable FET 
devices with a full semiconducting device yield. The study suggested that by increasing 
the network thickness, FET effective mobility is improved. By contrast, Louarn et al. 
showed that thick films would result in limited coupling to the gate due to the intertube 
screening, which negatively affect the FET behavior.[88] However, they demonstrated 
an alternative approach for enhancing the electronic behavior of the fabricated device. 
They attained this with a two step DEP process. The first step was done by depositing 
SWCNTs in between pre-fabricated metallic electrodes (process electrodes). In the 
second step another set of electrodes (measuring electrodes) were fabricated over the 
deposited SWCNTs with standard lithography. The latter approach allowed them to 
decrease the tubes-electrodes contact resistance, which reflected on the electronic 
behavior.[88] 
 
 
 
Figure 2.1: Dielectrophoretic deposition of semiconducting-rich SWCNTs prepared by  
solution based sorting techniques (e.g., density gradient ultracentrifugation) [51] 
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The quality of the SWCNT solution, from which the nanotubes are to be deposited, is 
extremely important for the later produced device.[51] It should be free of catalytic 
particles and impurities, contain mostly individual SWCNTs, and be stable for long 
periods.[51] The highly conductive nature of the catalytic nanoparticles allows them to 
be deposited in between the electrodes, which disrupt the assembly and degrade device 
performance. Frequently, the removal of impurities is reported to be essential for 
achieving high on/off ratio devices.[87]  The preferred deposition of bundles over 
individual nanotubes, due to their higher dielectric constant and conductivity, make it 
difficult to obtain only individual SWCNTs reproducibly.[51] 
 
2.4.2 Chemical vapor deposition (Growth-in-place) 
 
2.4.2.1 Introduction 
As already mentioned, CVD is the most promising technique for the fabrication of 
horizontally aligned SWCNTs.[22,23] CVD can provide high quality (defect-free) CNT 
production [56,57,89] which can even be achieved at relatively low 
temperatures.[21,59,66,85] In addition, high degrees of spatial and directional control 
allow parallel and crossbar patterning. Spatial patterning of individual tubes (e.g., 
serpentine configurations) is also possible and allows multiple devices to be fabricated 
from a single tube each, with the same characteristics. Moreover, the use of CVD avoids 
the need for multiple and damaging treatments to the SWCNTs implemented in post 
synthesis deposition approaches. On the top of that, CVD as a technique is already well 
established in the microelectronics industry and so for these reasons most SWCNTs 
alignment efforts are based on CVD. The main disadvantage of CVD is the lack of reliable 
routes for growing aligned tubes with a single chirality or even pure semiconductor tube 
samples.[52] In addition, there is the risk of destroying pre-existing structures during 
growth due to the high growth temperature.[19] Despite these drawbacks, the CVD 
process is versatile and often implemented to produce CNT with random growth 
orientation, vertically aligned forests and in free space when using a floating catalyst 
system as opposed to supported catalyst arrangements. CVD, applied for the production 
of horizontal high-purity SWCNTs, uses supported catalysts and a variety of techniques 
to drive the horizontal alignment of the SWCNTs. Four key driving mechanisms to orient 
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the nanotubes are available. They are schematically illustrated in figure 2.2. In the first 
route, an electrical field formed across two electrodes provides the orientation force 
(figure 2.2.a).[21,90-93]  Alternatively, under appropriate conditions the gas flow 
enables the tubes to float just above the substrate and can also direct the nanotubes 
growth (figure 2.2.b).[32,36,39,94-97] Atomic surface steps are also used as a direct 
guidance mechanism to steer/direct the tube growth as illustrated in figure 2.2.c. 
[49,66,98-100]  In addition, the surface lattice of single crystal substrates can directly 
align tubes (figure 2.2.d). [48,37,47,48,55,56,59,69,70,101-106] 
 
 
 
Figure 2.2: Schematic illustrations of the four main driving forces exploited in the CVD 
fabrication of horizontally aligned SWCNTs, a) electric field orientation, b) gas flow 
oriented, c) step orientation and d) surface lattice orientation. 
 
The effect of the growth parameters has also been extensively investigated, for example, 
catalyst type,[39,42,55,57,58,107-112] pre-treatment environment and 
temperature,[66,68,70,102,103,113-117] growth environment [64,66,69,88,118-120] 
and temperature.[121-123] In short, CVD grown horizontally aligned SWCNTs provide 
superior device efficiency as compared to the other techniques. Thus, the fabrication of 
SWCNT based electronics becoming a reality most probably depends on the success of 
CVD fabrication routes.  
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To this end the CVD techniques and variations developed to date are reviewed in greater 
detail in the following sections. However, before that, it is worth mentioning that the 
CVD reaction itself is established by exposing a carbon source gas (normally a 
hydrocarbon) mixed with other gases (e.g., H2, He, Ar) at elevated temperatures to 
catalysts residing on a substrate/support. The process results in the decomposition of 
the hydrocarbon (feedstock) which in essence provides a source of carbon. This carbon 
is then used by the catalyst to form SWCNT. Details of the growth mechanisms are 
discussed in section 2.4.4. 
 
2.4.2.2 Aligning forces 
 
- Electric-field-oriented single wall carbon nanotubes  
In 2001, Zhang and co-workers demonstrated a setup in which external electrical fields 
were used to orient CVD grown SWCNTs, as shown in the representative SEM image in 
figure 2.3.a.[91] The electric field was established across three polycrystalline-Si 
trenches which formed three capacitors in series. To produce the electrical field a bias 
voltage in the range of 5 – 200 V was applied. The investigators found that the alignment 
increased as the bias voltage increased, while for the zero bias voltage, the tubes grew 
randomly between the trenches. Ural et al. grew aligned SWCNTs between two Mo 
electrodes (10 µm spacing) with an applied external electric field.[92] They suggested 
that the tubes grown from the catalyst regions initially extend into the air normal to the 
metal electrode surface in the direction of the local electric field and as the tubes 
lengthen they follow the highest strength electric field gradients. Once the tubes reach 
the opposing electrode they subsequently fall onto the surface resulting in horizontally 
aligned SWCNTs on silicon substrates. A similar study was performed by Joselevich et 
al.[93] They found that the electric-field-directed growth process is selective for metallic 
versus semiconductor nanotubes in the short-nanotube regime. They suggest the 
alignment is due to the high anisotropy of the polarisability of the nanotube due to its 
elongated shape. They also proposed that the size of the catalyst is an important 
parameter for determining if short or long nanotubes result. Based on thermal excitation 
energy calculations, they explained that below a critical length, only metallic nanotubes 
can be aligned due to the applied electrical field, while both metallic and semiconductor 
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tubes longer than this critical length can be aligned using the electrical field. Dittmer and 
co-workers developed a strategy to grow only semiconductor tubes between 
electrodes.[93] Although this technique is selective for metallic versus semiconductor 
short tubes, one can see a strong alignment for longer semiconductor tubes (>1.5 µm). 
Under certain growth conditions some metallic nanotubes can bridge both electrodes. 
This leads to a high current passing between the electrodes which can destroy the 
metallic nanotube. Under different growth conditions, Chiu et al. managed to control the 
direction of the as grown SWCNTs between metallic electrodes with the help of external 
electric fields. Additional control to localize the tubes was attained by using two 
triangular electrodes in a configuration with sharp tips opposing each other.[124] 
Another study made use of the local built-in electric-field induced during plasma 
enhanced CVD (PECVD).[93] Through the appropriate choice of materials and 
geometries to form microstructures on the substrate surface the researchers were able 
to establish a horizontal built-in electric-field. Their findings showed that the as-grown 
tubes are horizontally aligned near to the sidewalls of surface microstructures, while 
they are inclined or vertical when far away from the sidewall. 
 
 
 
Figure 2.3: Representative SEM image of a) suspended electric-field-directed 
SWCNTs,[91] b) long, oriented CNTs produced by introducing extremely low gas flow rates 
[36] and c) step-oriented straight SWCNTs.[66] 
 
- Flow-oriented single wall carbon nanotubes  
The use of a directional gas flow to orient the growth of SWCNTs was first introduced by 
Huang et al. in 2004.[94]  In this route, an initial fast-heating process is applied to the 
silicon substrate and deposited catalyst just prior the introduction of the carbon 
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feedstock. In a little more detail, the catalyst-loaded substrate is placed at the centre of a 
pre-heated CVD oven at 900 °C over a very short period. This procedure heats up the 
solid substrate/catalyst and the surrounding gas at different rates. As a result, a 
convection flow exists which can lift up the tips of nucleated nanotubes viz. the catalyst 
resides at the tip and hence floats above the substrate surface. A horizontal laminar flow 
of the carbon source gas is then responsible for carrying and aligning the tubes along the 
gas flow direction during the CVD reaction. The technique leads to flow aligned tubes 
with lengths in the order of millimetres. Tubes grown under the same conditions 
without the initial fast heating treatment step are significantly shorter (several tens of 
microns) and are randomly oriented.[95] Later, another group presented a similar but 
simpler process using a bimetallic CoMo catalyst and ethanol as the carbon feedstock for 
growing flow-oriented SWCNTs from patterned catalyst areas.[96] This route does not 
require an initial fast heating step. Growth of the tubes is argued to occur through the 
tip-growth mechanism (see section 2.4.4) which makes lifting the catalyst easier, or it 
may be that turbulence in the gas flow induced by the catalysts morphology and 
patterning at the nucleation stage helps lift the initial tube and catalyst. Zheng et al. were 
able to grow 4 cm long SWCNT using a similar catalytic CVD process but with Fe serving 
as the catalyst and low gas flow rates of Ar, H2 and ethanol mixtures.[125] They noticed 
that while most of the grown tubes were straight, some were wavy. They argued this 
was because at low gas flow rates, occasionally the floating catalyst may fall and thus 
come into contact with the substrate. This will cause the tube to skid on the surface. 
When this occurs, it is likely that the catalyst particle may change its composition, 
morphology, and size because of interactions with the substrate and/or with other 
impurities residing on the substrate surface. In another study, long well-aligned very 
straight SWCNTs were grown using a stable laminar gas flow, which is important to 
steady the catalyst at the tip of a growing tube. A stable laminar gas flow was 
accomplished by placing a small quartz tube inside the outer tube in the CVD oven. The 
catalyst-loaded substrate resided in the hot zone in the middle of the inner tube.[62]  Jin 
et al. developed a strategy to grow centimeter-scaled aligned SWCNTs arrays with an 
improved density and quality by using extremely low flow rates of several sccm.[36] A 
representative SEM image is given in figure 2.2.b. They postulate that the use of an inner 
tube and low flow rates help to achieve stable laminar gas flows similar to previous 
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arguments.[62] These studies refute the suggestion that low flow rates causes “skidding” 
of the catalyst particles on the substrate surface leading to wavy SWCNTs.[125] In 
another strategy to grow very long SWCNTs, a long CVD system with a constant 
temperature hot zone of about 25 cm was implemented, enabling the growth of ultra-
long SWCNT up to 18.5 cm in length.[23] The study used various different substrates as 
catalyst supports. In addition, the arrangement of multiple substrates arranged side by 
side in which only one had catalysts was also explored. This latter arrangement allowed 
the formation of catalyst-free SWCNTs on the “catalyst-free” substrates, which they later 
used to fabricate over 100 SWCNT-FET devices. Their findings showed the fabricated 
FET devices to be electrically homogenous with uniform electrical properties over the 
entire length of an individual SWCNT. The study also demonstrated that the length of an 
as-grown tube is not limited to the substrate length as was suggested in a different 
study.[125] 
Liu et al. developed a CVD based technique to grow cross-shaped networks of ultralong 
SWCNTs, as well as more complicated patterns.[126]  To achieve this, they conducted 
the CVD process twice with a perpendicular growth direction between reactions, in 
order to produce a cross-shaped network of ultralong SWCNTs. The study provided 
strong evidence that the tips of the carbon nanotubes float in the gas flow during 
growth.[36] The investigators also explored the use of variable gas flows to produce 
complicated patterns of horizontal arrays of tubes. By introducing tiny barriers on the 
substrate they were able to modify the gas flow direction. For example a triangular 
prism barrier produced bent tubes following the gas flow direction, while a single or 
multiple small cylindrical barriers led to more complicated circular SWCNT patterns.  
 
- Step-oriented single wall carbon nanotubes  
A number of groups have demonstrated techniques to grow horizontally aligned 
SWCNTs by taking advantage of step/terraces on defined-cut single crystal substrates. 
Ismach et al. presented horizontally aligned tubes grown through a catalytic CVD 
process on miscut C-plane sapphire wafers.[99] They hypothesized that the alignment of 
the as-grown tubes occurs due to the existence of surface steps on the substrate. Later, 
they developed a method to produce horizontal well-aligned equally-separated and 
homogenously spread SWCNTs over C-plane sapphire, as demonstrated in figure 2.3.c. 
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To achieve this, the substrate was annealed at 1100 °C in air for 5 - 10 hours.[66] 
Thermal annealing forces unstable atomic steps to bunch together into faceted 
nanosteps so as to reduce the surface energy.[100] Step-oriented SWCNTs have also 
been grown on miscut quartz substrates, where the surface consists of vicinal α-quartz 
with steps.[48] 
Yoshihara et al. grew dense aligned SWCNTs on modified SiO2/Si substrates by CVD, 
with a Fe-Mo binary catalyst system and a CH4/H2 gas mixture at 900 °C.[116] They used 
CF4 plasma-treated substrates and reoxidized CF4 plasma-treated substrates (O2 flow 
mixed with water vapor at 1000 °C). Radial steps were produced on the plasma-treated 
substrates. Later, upon a CVD reaction, flower-like shape dense SWCNTs were grown. 
Inside the petal, highly aligned dense SWCNTs were observed inside circular patterns, 
while randomly oriented tubes where observed outside the circular patterns. These 
findings suggest that the unique morphology created on the substrate surface by the CF4 
plasma treatment causes the alignment of the tubes.  
 
- Lattice-oriented single wall carbon nanotubes  
An alternative crystallographic orientation route for the growth of horizontally aligned 
SWCNTs is the use of selectively cut single crystal substrates, such as ST-cut quartz, AT-
cut quartz, sapphire (a- and r-plane), magnesium oxide and surface-etched silicon. 
Unlike the technique described above, here the force driving the alignment is the lattice 
structure of the substrate surface rather than surface steps. Using this approach, long 
horizontally well-aligned SWCNTs growth is demonstrated over a variety of different 
growth conditions. 
 
- Quartz substrates 
In 2005, Kocabas et al. reported the production of large-scale, high-density (>10 tubes 
µm-1) aligned arrays of SWCNTs with diameters in the range of 1±0.5nm grown on AT-
cut and Y-cut based single crystal quartz substrates.[48] They thermally reduced ferritin 
in a hydrogen environment to yield Fe catalyst nanoparticles. The growth process took 
place in a mixture of methane and hydrogen at 900°C for 10 minutes. It is worth noting 
that no aligned tubes were observed when using silicon substrates, confirming that the 
alignment is due to the surface lattice structure of the selectively-cut crystal substrates. 
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Later, the same research group developed a strategy to grow aligned SWCNTs with well-
defined geometries. They achieved this by patterning the ferritin catalyst at specific 
areas on the ST-cut quartz substrate surface before running the CVD reaction.  They 
obtained highly aligned tubes between the catalyst-patterned areas, while random 
networks of tubes were found over the catalyst regions.[68] Further improvement in the 
density of the aligned SWCNTs was possible by thermally annealing the ST-cut quartz at 
900 °C for 8 hours prior to the CVD process using ethanol as the carbon feed gas and by 
evaporating submonolayer films of iron to serve as high density catalyst stripes on the 
surface.[37] SWCNTs up to 300 µm long and high densities, ca. 10 SWCNTs µm-1 with an 
average diameter of 1 nm (figure 2.4.a), were produced using almost the same protocol 
as discussed above.[30] In this route, SWCNTs with even higher densities (more than 50 
SWCNTs µm-1) of perfectly aligned arrays of long SWCNTs (up to milimeters) on stable 
temperature (ST)-cut quartz substrates were grown.[37] No thermal annealing step was 
required, instead the substrates were treated with oxygen plasma for 15 minutes prior 
to the CVD reaction. They used copper as the catalyst and ethanol as the carbon 
feedstock.[55] Polymer assisted CVD process was developed producing wafer-scale, 
highly-dense, perfectly-aligned and long SWCNTs grown with a universal and simple 
route. The idea behind this approach was to dope FeCl3 (serving as the catalyst 
precursor) into a photoresist or polyvinglpyrrolidone (PVP) which is used later to 
pattern catalyst strips via standard photolithography or PDMS based micro-contact 
printing. A further benefit with this doping strategy is that the photoresist and PVP help 
form mono-dispersed catalyst nanoparticles, as well as preventing catalyst aggregation 
on the substrate.[70] A similar approach used CuCl2/PVP alcohol solution as the catalyst 
solution in an ethanol feedstock CVD process.[55] 
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Figure 2.4: Lattice-oriented aligned SWCNTs grown on a) single crustal quartz 
substrate,[30] b) sapphire substrate,[101] c) magnesium oxide substrate [59] and  d) few 
layer graphene.[131] 
 
McNicholas et al. explored the effect of sulfur for the enhancement of as grown 
horizontally aligned SWCNTs by CVD.[56] They used iron (from Fe(NO3)2·9(H2O) or 
FeCl3) and Cu (from CuCl2) as the catalyst system. Catalyst solutions were made in EtOH 
and stabilized in PVP. After patterning the catalyst on 36° Y-cut single crystal quartz 
substrates, they were thermally annealed in air, and the catalyst was reduced by heating 
in a hydrogen environment. The growth process took place under ethanol/methanol/H2 
or ethanol/H2 systems for 15 min at 900 °C. Thiophene, a sulfur based compound, with 
different concentrations, was added to the carbon precursor. The addition of thiophene 
in nominal concentrations enhanced the density by a factor of more than two (up to 6 - 8 
tubes μm-1) and length of the as-grown SWCNTs and appeared to yield cleaner samples. 
The highest density depends on the choice of the catalyst and reaction gas. It is believed 
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that adding optimal amounts of sulfur prevents poisoning of catalyst particles by 
preventing them being coated with amorphous carbon,[127] although we highlight this 
point remains contentious. Sulphur may also stabilize the growth of the tubes and lower 
the catalyst nanoparticle melting point.[128] 
Subsequent, multiple and separate CVD growth cycles on single ST-cut quartz have also 
been proven as a means to enhance the density of horizontally aligned SWCNTs. [129] 
With a single CVD reaction tube densities of 4 - 7 tubes µm-1 were obtained while for a 
double  CVD process up to 20 – 30 tubes µm-1 were found. Recently, similar results for 
high density, large diameter aligned SWCNTs were presented by Zhou et al.[130] They 
used multiple methanol/ethanol CVD process in order to produce high density SWCNTs 
samples.  
A theoretical analysis for the preferred directions for the SWCNTs growth on single 
crystal quartz substrates with different crystal directions to achieve aligned tubes as 
well as complex, but still well-defined layouts was conducted by Xiao and co-
workers.[90] Molecular mechanics simulations based on empirical interatomic 
potentials with molecular dynamics simulations show that with Y-cut and ST-cut 
substrates excellent degrees of alignment can be achieved, with one dominant direction 
among the three. For Z-cut quartz there exist three prominent directions with almost 
equal probability, and poor alignment in the case of X-cut quartz, with overall 
orientation along the y direction. Their findings indicate that the alignment of the tubes 
is governed by angle dependent van der Waals (vdW) interactions, while surface steps 
are unimportant for the alignment. This argument is further supported since the tubes 
are separated by distances smaller than the expected distances between adjacent steps 
in single crystal quartz. Also, they suggested that neither the epitaxial registration with 
the quartz nor the electronics properties of the tubes is critical since no evident 
dependence on chirality nor diameter is found for smaller diameters (~1.5 nm). For 
tubes with larger diameters, varying degrees of misalignment were observed. In 
contrast, XRD and AFM studies conducted by Rutkowska et al. suggested epitaxial 
growth of SWCNTs on ST-cut quartz.[70] Single crystal quartz exists in α-phase at room 
temperature and in β-phase at elevated temperatures, where the growth process takes 
place. In quartz, a hexagonal macromolecular network with SiO4 tetrahedra as the 
building blocks is formed, where the Si-O-Si bond has an angle of ca. 143.5° for α- -
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quartz and 154° for β-quartz. Measuring the angle of the bent tubes grown on ST-cut 
quartz from atomic force microscopy images they found the angle of the bent tubes to be 
in good agreement with the angle of Si-O-Si bond, which indicates epitaxial growth. 
Straight channels can be observed in the simulation of crystal structure for β-quartz at 
elevated temperature. Later, SWCNTs grow following these channels.[70]  
 
- Sapphire substrate 
SWCNTs have been grown on R-, A- and C-plane sapphire using catalytic CVD with Fe as 
the catalyst and a feed-gas consisting of methane and hydrogen. The highest degree of 
alignment was obtained on the R-plane, while the highest density was achieved on A-
plane. A low yield of tubes was found on the C-plane and is apparently due to excess 
carbon deposition occurring during the CVD reaction. Moreover the tubes had random 
orientation. This is argued to occur because of the threefold symmetry in the atomic 
arrangement of Al surface atoms. The findings provided clear evidence that the grown 
tubes do not follow periodic steps on the C-plane sapphire surface.[101] Typical as-
grown nanotubes are shown in figure 2.4.b. Highly aligned SWCNT arrays using an 
almost identical growth procedure was also reported in another study.[102] Aligned 
tubes were obtained on the A-plane and R-plane and less aligned SWCNTs on the C-
plane. Randomly oriented nanotubes were found on the M-plane. The use of Fe catalysts 
from an initial Fe thin film was also explored. In this case, no aligned tubes were 
obtained since high-density Fe particles interfere with the alignment process of the 
CNTs.  The size of the metal catalyst particles was investigated and the following key 
findings were highlighted; catalyst particles adhere better to the A- and R-plane 
sapphire (higher surface energy) and hence particle aggregation is limited. In stark 
contrast, aggregation is enhanced on the C-plane due to the low surface energy. In 
keeping with these facts, tubes that form on C-plane sapphire have larger diameters 
than those grown on the A- or R-plane. The narrow diameter variation for the tubes 
grown on A- and R-planes is argued to be strongly dependent on the catalyst particle 
size which is affected by the crystal orientation of the substrate.[47] Unidirectional 
growth of aligned tubes grown using Co-Mo catalysts on R-plane sapphire has also been 
demonstrated. However, this was not the case for the tubes grown on A-plane sapphire 
under the same conditions.[103] Point symmetry in the configuration of Al and O atoms 
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when reflecting the crystallographic orientation exists in the A-plane but not for R-plane 
sapphire. Hence, the anisotropy of the R-plane surface atomic arrangement is presented 
as the reason for favorable growth. The surface structure affects the unidirectional 
growth through two possible mechanisms; the nucleation of the nanotube cap at the 
commencement of growth occurs predominantly in one direction, and it may be that the 
growth in a specific direction is energetically preferable than growth in the opposite 
direction. SWCNTs with highly uniform diameters in the range of 1.3 - 1.4 nm were 
grown from Fe catalyst nanoparticles annealed in ultrahigh vacuum.[60] Ultrahigh 
vacuum reduces the size of Fe nanoparticles and narrows their size distribution, and 
hence results in growth of SWCNTs with uniform and narrow diameter distributions. 
This is achieved following two possible mechanisms, either evaporation of Fe atoms 
during the annealing process or thermal diffusion of Fe atoms into the sapphire 
substrate. 
In order to study the competition between the lattice-oriented and step-aligned SWCNTs, 
Ago et al. used four types of A-plane sapphire with systematic control of the step height 
and orientation.[104] They used 1) a nearly flat substrate,  with a slightly inclined 
surface to the [11 0 0] direction with an angle of 0.1°, 2) an inclined surface 1° toward 
the [11 0 0] direction, 3) an inclined surface 1° toward the [0001] direction and 4) an 
inclined surface 1° toward both the [11 0 0] and [0001] directions. The CVD protocol 
used a gas mixture of CH4 and H2 at a temperature of 900 °C, while the catalyst was a Fe-
Mo binary system. Morphological studies of the four different substrates after annealing 
show higher step sizes for the inclined surfaces with 1°, which is speculated to occur 
because of the formation of double- and triple-atomic steps together with single-atomic 
steps. On the inclined surfaces at an angle of 1°, the as-grown tubes followed the surface 
steps. In contrast with the un-inclined surface the tubes aligned according to the surface 
lattice structure. This indicates that step-templated growth is preferable on higher 
inclined surfaces. Later, they showed that the SWCNTs growth direction on -1° miscut 
sapphire is perpendicular to that on sapphire without a miscut.[105] They also found 
that thermal annealing of the -1° miscut sapphire substrate in a hydrogen environment 
recovered the original growth direction to that of a sapphire substrate without a miscut. 
They used this observation in order to selectively thermally anneal zones in the -1° 
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miscut sapphire substrate prior the CVD reaction. In this way they were able to form 
orthogonal SWCNTs.  
- Magnesium oxide substrates 
Aligned SWCNTs can also be fabricated over MgO crystals. Figure 2.4.c shows typical 
oriented short SWCNTs produced using CVD on MgO (001) substrates.[59] A Co thin film 
with a nominal thickness of 0.1 nm treated with hydrogen at 520 °C formed the 
necessary Co catalyst particles. The CVD process used a mixture of CO/H2 gases at two 
different temperatures, namely, 520 °C and 900 °C. The as-grown tubes were oriented 
perpendicular to each other. The crystal MgO substrate has a cubic NaCl -type structure, 
with alternate dense atomic rows of pure oxygen and pure magnesium atoms. Hence it is 
likely the alignment follows the oxygen and magnesium rows, where the interaction of 
the SWCNTs with the surface is maximized. This fits with reports showed that the 
alignment on A-plane sapphire also occurs along dense atomic rows of oxygen.[102] 
Later, the same group managed to grow SWCNTs on MgO (110) preferentially in a single 
direction. The SWCNTs had a narrow diameter distribution.[106]  
 
- Silicon substrates 
SWCNTs were successfully grown with distinct orientations separated by 90° on Si 
(100) and 60° on Si (111), reflecting the lattice symmetry of the substrates.[62] The 
authors suggested that the Si lattice defined energetically favorable paths for the grown 
tubes where the interaction with the substrate is the highest. This is in agreement with 
the studies discussed above in which other crystals are used as the substrate. The 
authors of this study also proposed a mechanism in which the nanotubes are mobile in 
the early growth stages and are able to rotate on the surface due thermal energy until 
they find a preferred orientation and supported their study with molecular dynamics 
simulations using empirical force potentials. 
 
- Graphene substrates 
Recently, oriented SWCNTs were grown on a few layers of graphene by a catalytic CVD 
process, as shown in the representative SEM image given in figure 2.4.d.[131] A thin film 
of Ni was evaporated on few layer graphene on Si/SiOx substrates. SWCNTs growth was 
achieved in a Ar/H2 environment without using a carbon feedstock gas. It was found that 
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the grown tubes are lattice oriented along the armchair axis of the underlying graphene 
support.  
 
- Combining different growth techniques 
- Crossbar single wall carbon nanotube arrays 
Haung et al. demonstrated two strategies for multi-dimensional, multilayer crossed 
networks. In the first approach, SWCNTs cross networks were prepared by 
implementing a two-step bidirectional CVD growth process.[132] In the first CVD step, 
SWCNTs were grown in a selected direction by a fast-heating flow-directed process. 
Then the sample was rotated to a predetermined angle, and the (second) CVD process 
repeated.[95] In the second route, they fabricated suspended crossed SWCNTs using a 
two-step CVD process on patterned Si/SiO2 substrates. SWCNTs were grown on a pre-
patterned substrate with grooves/channels which guide the growing tubes in the initial 
step.  Afterwards the substrate was rotated with the channels perpendicular to the gas 
flow and exposed to a CVD reaction. The secondary step leads to an array of suspended 
tubes.  
Ismach et al. demonstrated a fabrication route for cross-bar nanotube networks based 
on thermally annealed C-plane sapphire substrates with patterned SiO2 stripes. This 
allowed the crossbar structure to form in a single CVD step.  The nanotubes were 
oriented in one direction due to an external electric field, while the steps provided 
guidance for alignment in a second direction.[115] In an alternative route, arrays of 
crossbar aligned SWCNTs can be fabricated on A-plane and R-plane sapphire through a 
two step CVD process. Initially wellaligned tubes were grown on the substrates using an 
Fe catalyst which were lattice-oriented. In a subsequent step, long aligned gas-flow-
oriented tubes were grown.[102]  
 
- Serpentine carbon nanotubes 
Geblinger and co-workers developed a technique for the growth of SWCNTs on single 
crystal quartz substrates in which they obtained serpentine tubes.[113] They observed 
that the overall direction of the propagating tubes is in the gas flow direction, while 
portions of the tubes have a zigzag shape, and follow existing steps which are 
perpendicular to the flow direction. They proposed a two-step mechanism for the 
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growth of serpentines; firstly the tubes growth is directed by the gas flow with the tubes 
tip and catalyst particle hovering over the substrate surface. Once the tube reaches a 
critical length a rapid oscillatory fall process is initiated as there is competition between 
the flow-induced tension and the SWCNT-substrate adhesion. The zipping motion pulls 
the tube away from its centre of mass, while a drag force pulls its upper region in the 
opposite direction which induces a suspended loop tangential to the surface along the 
step. At some, the opposing drag force is enough to derail the nanotube from the step, 
and hence force instability changes the falling direction of the suspended tube in the 
direction of flow until the drag force with the next step becomes larger causing the tube 
to fall in the opposite direction leading to a U shape. Repetition of this process in an 
oscillatory manner leads to the formation of a serpentine. As the tube becomes longer, 
the straight segments become longer and the spacing between them gets narrower.  The 
proposed formation of the serpentine nanotubes as well as representative SEM image of 
the produced SWCNTs is given in figure 2.5. Similar results were also found in another 
report.[114] The study highlighted the role of catalyst type on the growth of such 
serpentines. With Fe-Mo catalyst systems they observed long and dense serpentine 
tubes. The use of pure Fe and Co yielded dense arrays of aligned tubes but no serpentine 
tubes. This suggests a dependence on catalyst choice for serpentine tube formation. In 
addition, changing the angle between the flow direction and the step in the substrates 
from 90° to zero degree affects the growth tendency of the serpentine tubes. For the 
case of 90° many sequential regularly spaced turns were observed, while it was rare to 
find more than two such turns in the case of zero degrees. HfO2 stripes were also 
deposited on quartz substrates parallel to the steps. These substrates were later used to 
grow SWCNTs on them using CVD.  Serpentine tubes were found on the HfO2-free areas, 
while flow-oriented tubes were observed on the of HfO2 strips. In another study, 
serpentine SWCNTs were observed near the edge of support quartz substrates. The 
researchers attributed this to a combined effect between the high peak flow rates 
associated with turbulence in these regions and lattice-induced alignment.[37] In 
contrast to the growth of serpentine tubes where control of the spatial position and type 
of bend are limited, Ago et al. developed an approach to grow SWCNTs with controlled 
bends on modified sapphire substrates.[133] They used standard photolithography and 
etching techniques with sulfuric acid and phosphoric acid in order to fabricate artificial 
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steps (5 - 10 nm high). The steps were designed to lie perpendicular to the lattice-
oriented growth direction obtained on R-plane sapphire. The prepared substrate (and 
catalyst) was then subjected to a CVD reaction. The procedure yielded aligned tubes 
with 90° bends at the step positions. 
 
 
 
Figure 2.5: Schematic representation for the formation mechanism of the serpentine 
nanotubes, which is known as ‘falling spaghetti’ mechanism, and a representative SEM 
image of a produced SWCNT.[113] 
 
2.4.2.3 The nucleators of single wall carbon nanotubes  
 
- Catalyst-assisted single wall carbon nanotubes  
In order to initiate the growth of the SWCNTs, for the most part, catalyst nanoparticles 
are used. Usually metals are used, however there is increasing evidence that ceramic 
catalysts can grow carbon nanotubes.[134] Some examples of suitable catalysts are Cu 
[55,107] Co [107,135] Ni [107] Fe [107,136] Pt [107] Pd [107] Mo [107] Mn [107] Au 
[107,64,135] Pb [58] Te [137] Cr [105] Ru [138] Sn [107] Mg [107] Al [107,135] Dy 
[139]  SiO2 nanoparticles,[42,106,140] Mg2B2O5 [141,142] MoO3 [143] Al2O3, TiO2, and 
all lanthanide oxides except promethium oxide,[42] Si-Au [144] Fe3C.[42] 
With regards to the more specific case of aligned SWCNTs, various aspects of the catalyst 
are important. Yuan et al. grew horizontally aligned SWCNTs on ST-cut quartz from a 
large variety of metal catalysts under the same CVD growth conditions. They found 
different tube densities for the as-grown tubes depending on catalyst choice, which 
might suggest that the catalyst activity and nanoparticle-substrate interaction are 
important factors for nucleation and hence the yield of the grown tubes.[107] However, 
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one should remember catalyst activity is temperature dependant. Ni is a frequently used 
catalyst since it is active over a wide temperature range. Nevertheless Fe and Co are 
often favored because higher yields are usually achieved with them.[145] Cu can also be 
used as a catalyst and may also have certain advantages.[89] Studies have shown that 
SWCNTs grown from Cu nanoparticles are long, well-aligned and very straight. In 
contrast, tubes grown in identical conditions using Fe catalyst particles were not very 
straight nor aligned and were short. This is argued to be due to the higher catalytic 
activity of alkanes in Fe than Cu, which may be not favorable for the growth of long 
tubes.[89] Moreover, excessive carbon feeding may cause the formation of amorphous 
carbon which some argue [146] can coat the Fe catalyst preventing further growth. It 
may also lead to the formation of twisted tubes when the growth speed is quicker than 
the gas flow rate. On the other hand, the weaker catalytic activity of Cu for decomposing 
the carbon feedstock may be responsible for the growth of high-quality SWCNTs. 
However, it should be borne in mind that the arguments for catalyst poisoning with 
amorphous carbon has not been demonstrated and the presumption that the catalyst 
particle is required to decompose the carbon feedstock is not wholly necessary as 
shown in studies by Rümmeli et el.[147] Thus it may well be that the weak Cu 
nanoparticle-substrate interaction favors lifting of the nanoparticle off the substrate 
more easily leading to long and well-aligned tubes. On the other hand, there are routes 
to improve the density of the aligned tubes catalyzed from Fe nanoparticles, for example, 
thermal annealing of a Fe thin film at 750 °C for 5 minutes in air. In addition, the film 
thickness affects the yield.[146] Thermal annealing also helps to reduce contaminants 
and catalyst particle aggregation.[140] It may also help to reduce the catalyst-substrate 
interaction, and hence increase the percentage of tube nucleation.[148] Thermal 
treatments can also improve SWCNTs length and alignment as shown by Reina et 
al.[149] They found that changing the treatment environment from a mixture of O2 and 
Ar to a mixture of H2 and Ar changed the nature of the as-grown SWCNTs from being 
long and well aligned to short randomly oriented tubes. This hints that the oxide phase 
of the iron catalyst particles may be important.  
In order to control the diameter of the grown SWCNTs, artificial ferritin protein was 
used as an iron(III)-storage unit, in which around 200 iron(III) atoms are stored. 
Nanoparticles with mean diameters of 1.9 nm were formed after thermal treatment in 
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air. It was found that the mean diameter of the SWCNTs grown from these nanoparticles 
have a mean diameter of 1.5 nm.[57] Similar approaches used polymers,[150] block 
copolymer micelles [119] and dendrimers [151] in order to yield synthetic templates for 
catalyst nanoparticles. The polymer based approach for preparing monodispersed 
catalysts also prevents agglomeration.[152] Narrower diameters in the range of 1.0 – 1.8 
nm was demonstrated by An et al.[153] They achieved this by using Fe-Mo catalysts 
derived from transition metal based inorganic molecular clusters with fixed diameters 
of 2.3 nm. Similar results have been shown for a Co-Mo binary catalyst system.[152] 
Qian et al. showed that with binary Fe-Mo catalyst systems they could increase the 
percentage of semiconductor tubes over metallic tubes grown over silicon in a 
conventional CVD process.[155] Others suggest this is due to the production of defects 
during prolonged growth.[156] Similar results were reported for the enrichment of 
semiconducting SWCNTs grown via CVD on ST-cut quartz substrates. However, it is 
more likely that this is an effect of the substrate lattice and the optimized growth 
conditions. Later, the same researchers demonstrated growth of aligned long SWCNTs 
with better conductivity and better structure uniformity under the same CVD conditions 
using ethanol as the carbon source and a Dy based catalyst.[139] The thermal annealing 
of Fe nanoparticle catalysts in ultrahigh vacuum produces SWCNTs with narrow 
diameters.[89] Ghorannevis et al. achieved SWCNT samples with narrow chirality 
distributions using a plasma enhanced CVD process with Au serving as the catalyst. 
Hydrogen inclusion in the reaction was also found to be important. This narrow chirality 
dependence was not observed when using Fe as the catalyst.[64] Theoretical studies 
indicate that coinage metals such as Cu, Ag and Au produce narrow chirality 
distributions in agreement with experimental observations.[157] They put forward two 
reasons for this. Firstly, the binding energy of hydrocarbons on the Au catalyst 
nanoparticle surface is weaker than on an Fe surface. Secondly, additional H2 enhances 
etching of carbon from the catalyst surface, which suppresses the growth of large 
diameter tubes. They argue the narrow chirality distribution arises due to a chiral 
stability dependence for the nucleation.[64] 
In order to have individual catalyst nanoparticles and hence individual tubes, 
Papadopoulos et al. used polystyrene spheres as a mask in order to prepare well-
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ordered catalysts on a substrate. The technique allows one to control the size and the 
shape of the catalyst nanoparticles.[135] 
Zhang et al. reported the growth of horizontally aligned SWCNTs from Pb nanoparticles 
using a CVD procedure involving low flow rates (methane and ethanol) and fast 
heating.[58] Due to the low melting point of Pb, it volatilizes continually throughout the 
reaction, resulting metal-free SWCNTs at the end.  
Despite enormous developments in the field of SWCNTs, there is remarkably little work 
on the use of other types of catalyst which could be compatible with Si technology.[158] 
Growth of metallic-free SWCNTs start to gain increasing attention, as metallic residues 
can affect the intrinsic properties of the as-grown SWCNTs,[ 40,159] and can diffuse in Si 
causing unwanted effects. This is particularly important when considering horizontally 
aligned tubes as building blocks for nanoelectronic devices. Various non-metals catalysts 
have been demonstrated through pioneering works like those of Tagaki et al. [160] and 
Rümmeli et al.[161] However the use of ceramic catalyst particles specifically for aligned 
tubes is extremely limited.[42]  Li et al. produced well-aligned long and dense SWCNTs 
on quartz substrates using SiO2 nanoparticles. The nanoparticles were generated by 
scratching the substrate with a syringe needle in a simple, fast and machine-controlled 
process.[41]  
Various studies highlight a direct correlation between the catalyst diameter and that of 
the resultant carbon nanotube.[118,162,163] At any optimized growth condition, there 
is a most favorable diameter for the nanoparticle which can nucleate the growth of 
SWCNT such that variations above or below this diameter decrease the probability of 
nucleation.[118]  
 
- Catalyst-free single wall carbon nanotubes  
The re-growth of SWCNT with a given chirality was first reported in a study by Smalley 
and co-workers.[111] The amplification strategy was based on the deposition of 
horizontal SWCNTs on a silicon substrate, then the tubes were cut and cleaned. Metallic 
nanoparticles were then attached to the ends of the tube, followed by a CVD process. The 
new nanoparticles enable growth in both directions. The height, chirality and surface 
orientation of the new segments were the same as the original. In a similar approach, 
Yao et al. demonstrated the aligned growth of SWCNTs on quartz substrates from open-
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ended SWCNTs. However, this time the opened tubes themselves acted as seeds for 
growth so that no metallic catalyst is required.[39] Figure 2.6.a demonstrates an 
example of a CNT seed and the prolongated nanotube after the CVD process. They 
performed their experiment in three steps. First, they grew long aligned SWCNTs on Si, 
as well as quartz substrates. Second, they cut the as-grown tubes at pre-determined 
positions using electron beam lithography (EBL), oxygen plasma ion etching and lift-off. 
Third, a second CVD reaction was performed in CH4 and C2H4 environment at 975 °C 
after activating the edges of the seed tubes in a Ar/H2 mix at 700 °C. They found the new 
segments to have the same chirality as that of the original seed tube. A notable success 
in fabricating catalyst-free long well-aligned SWCNTs was introduced by Yu and co-
workers, as displayed in figure 2.6.b.[112] In this route they demonstrated growth of 
SWCNTs with a simple conventional CVD process using opened fullerenes to nucleate 
the tubes. They obtained stable caps from fullerenes after a thermal treatment in air 
followed by water and thermal activation steps. Their findings showed that the as-
grown tubes have a quantized diameter distribution. However, the density of the grown 
tubes is very low compared to the metallic nucleated horizontally aligned SWCNTs.  
However, many different questions are still open here, such as what are the optimized 
growth conditions necessary for the growth of dense aligned SWCNTs? What is the effect 
of homogenous fullerene based structures on the diameter distribution of the grown 
tubes? What are the reasons behind the fabrication of stable caps from fullerene even at 
the extreme CVD reaction conditions? And more important, what is the growth 
mechanism of such metal-free tubes? These questions and other issues related to results 
and discussion are found in chapter 5. 
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Figure 2.6: Growth of metal-free SWCNTs a) AFM image of original SWCNT and cloned 
one (second row) after second CVD process.[39] b) SEM images for the SWCNTs nucleated 
from opened fullerene.[110] 
 
2.4.2.4 Growth parameters 
- Treatment of the substrate prior the CVD process 
It has been shown that fast heating of catalyst-loaded silicon substrates is helpful for 
growing long aligned SWCNTs.[21] It is more likely that fast heating affects the catalyst 
activation and nucleation rather than the interaction between the substrate and the 
SWCNTs or generates a more stable laminar flow. Patterned-etched (e.g. full- and half-
etched V-shaped trenches) Si substrates have been used in many reports as a means to 
align SWCNTs.[95,97] 
Thermal annealing in air has been shown to have a significant effect on the morphology 
of single crystal sapphire substrates, which in turn affects the alignment of the grown 
tubes. For example, thermal annealing of sapphire substrates at 1100 °C in air for 5 - 10 
hours produced more stable nanosteps where SWCNTs are later grown.[66] The 
beneficial effect of the nanosteps which appear after thermal annealing has also been 
demonstrated in numerous reports for both well-aligned and serpentine 
tubes.[104,113-115] However, thermal annealing in an air (or oxygen rich) atmosphere 
does not always enhance the alignment.  Thermal annealing R-plane sapphire with a 1° 
miscut in air actually deteriorates the alignment. However, thermal treatment in a H2 
environment changes the direction of alignment by 90° to yield a substrate surface 
similar to that for sapphire without a 1° miscut.[105] Thermal treatment in air has also 
been applied to ST-cut quartz, for example, annealing in air at 950 °C for 1.5 hour,[117] 
at 900 °C for half an hour[70] and 900 °C for 8 hours.[68]  
Thermal annealing in air is also shown in different reports to affect the density and 
alignment of the grown tubes.[70] However, the role of the annealing is not well 
understood. In addition, very different routes for the annealing were introduced. For 
example, annealing in air at 950 °C for 1.5 hour is shown to be enough for dense aligned 
tubes.[117] Others reported optimized annealing at 900 °C for half an hour,[70] and 
900 °C for 8 hours.[68] It is obvious that neither the role of the annealing process on the 
alignment and density of the grown tubes nor optimized annealing parameters over a 
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wide range of examined parameters was introduced. Accordingly, a detailed study 
investigating the importance of the thermal annealing applied to ST-cut quartz on the 
alignment, density and length of the as-grown tubes is explained in chapter 5. This was 
achieved by exploring a wide range of different parameters including the annealing 
environment, temperature and period. Exploring this wide range of different parameters 
allowed for the finding of the optimized annealing parameters leading to the growth of 
the highest density and longest tubes among other explored values. In addition, it is 
found that the thermal annealing is not an essential step for the growth of aligned tubes, 
in agreement with other reports.[37] However, it does dramatically enhance the density 
and length of aligned tubes. It is found that as the annealing period increased, the 
substrate surface roughness decreased to a minimum after 15 hours annealing. Beyond 
this period, the surface became rough again. Apparently, surface structural defects 
interfere with the guidance process, probably by either blocking further growth or 
altering the growth direction.  
 
- Growth temperature 
It is generally accepted that it is possible to grow horizontally aligned SWCNTs in CVD 
using different substrates with heating steps in the range of 700 °C – 1000 °C. It is 
believed that the heating step is important to activate the catalyst nanoparticle and to 
melt it so that absorbed carbon can later precipitate in the form of SWCNTs (see growth 
mechanisms in section 2.4.4).[164] In addition, elevated temperatures help decompose 
the carbon precursor, which in most cases is in gaseous/vapor form. Moreover, it has 
been demonstrated that the growth temperature affects the density of the grown 
tubes,[121] the diameter of the grown tubes,[122] and the number of the tube 
walls.[123]  
It was shown that it is possible to control the density of the grown tubes by changing the 
growth temperature.[121] At an optimized growth temperature a maximum density was 
obtained. At lower temperatures, the catalytic decomposition was insufficient to provide 
the carbon, while at higher temperatures, it is argued that excessive carbon might block 
tube growth.[36] Yao et al. showed that as the growth temperature increased the 
diameter of the tubes also increased. They attributed this to increased particle 
coalescence at higher temperatures. However, for the tubes grown from an individual 
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catalyst particle, at high temperatures narrow tubes are obtained while at low 
temperatures thicker tubes resulted.[122] They used this aspect very effectively to 
change the tube diameter during growth by altering the reaction temperature. 
Interestingly, Wen et al. showed that it is possible to produce CNTs with single (SWCNT), 
double (DWCNT) or triple walls (TWCNT) using a gas-flow-oriented CVD process by 
simply changing the temperature.[123] They managed to produce high yield and long 
semiconducting TWCNTs with a growth temperature of 1000 °C, while increasing this 
temperature by 20 °C or 40 °C resulted in DWCNTs and SWCNTs respectively.  
 
- Growth environment 
The gases/vapors for the CVD growth of aligned SWCNTs are divided into two types. 
First is the carbon feedstock e.g. ethane, methane, ethanol and methane. Other gases 
help the process e.g. water vapour directly added or as a side decomposition product, is 
probably helpful in removing amorphous carbon species.[69] Other gases can help in the 
diffusion and the decomposition of the carbon source, e.g. H2/Ar mixtures.  
The flow rate is also a crucial parameter depending on the type of alignment force being 
implemented. For example, the gas-flow oriented growth of SWCNTs requires a low flow 
rate so as to maintain a stable laminar flow, which provides the alignment force. 
However, higher flow rates are required for step-oriented and lattice-oriented growth of 
SWCNTs.  
It was also shown that an ethane flow rate window exists for the effective growth of 
SWCNTs.  Very few tubes were synthesized outside of this window. Moreover, the 
SWCNTs diameters were found to monotonically increase as the ethane concentration 
increased due to selective activation of nanoparticles. Increasing the yield of the grown 
tubes with increasing the ethane concentration is also observed.[118] Introducing 
methanol with ethanol affects the diameter and the semiconducting/metallic ratio of the 
as-grown SWCNTs. The semiconducting/metallic ratio increases with increasing 
methanol concentration.[63] This is argued to occur through the selective etching of 
metallic tubes by OH radicals formed as a by-product from methanol decomposition. 
Due to the smaller ionization potential for the metallic tubes as compared to 
semiconductor tubes, the metallic tubes are preferentially etched.[165] The carbon feed 
gas is not the only gas that can have an effect on the diameter of the grown tubes. 
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Ghorannevis et al. showed that SWCNTs with large diameters and more widely 
distributed chirality were grown with low H2 concentrations, while narrower chirality 
distributions were obtained when higher H2 flow rates were implemented.[64] In 
contrast to this, a recent study highlighted that Ar/H2 gases are not indispensable for 
nanotube fabrication. However, they are important for the annealing treatment of the 
non-metallic catalyst nanoparticles.[121] It was also shown that adding water to a CH4-
CVD process is effective in increasing the length of the grown triple walled CNTs,[123] 
as well as SWCNTs.[32]  
 
2.4.2.5 Growth mechanisms 
The basic argument for metal catalyst driven growth of carbon nanotubes is the so called 
vapour-solid-liquid (VLS) mechanism. In this process, a metal catalyst particle is 
exposed to a hydrocarbon at elevated temperatures. The particle is argued to 
catalytically decompose the hydrocarbon and at the same time the carbon species 
diffuse in to the catalyst forming a liquid eutectic. Upon super-saturation, it is then 
argued that carbon precipitates and in so doing forms a carbon nanotube. However, it 
may also be possible that the carbon does not diffuse into the catalyst bulk (bulk 
diffusion) but moves only on the surface while growing a carbon nanotube (so called 
surface diffusion).[166,167] In the more specific case of horizontally aligned SWCNTs, 
relatively high temperatures are used where catalyst particles tend to liquefy and bulk 
diffusion is generally accepted as the means for SWCNTs nucleation and growth.[38,58] 
In terms of the catalyst interaction with the substrate and nanotube growth, two main 
mechanisms have been proposed to describe the growth of horizontally aligned SWCNTs. 
The first is known as the tip-growth mechanism, where the active catalyst detaches from 
the substrate. As carbon precipitates out of the particles during tube growth, so the 
catalyst particle moves forward. The second mechanism is known as base-growth and 
here the catalyst stays at its original position while the tube moves away from it viz.  the 
whole tube moves away from the catalyst. 
In many reports, the tip-growth mechanism is the preferred explanation for the growth 
of horizontally aligned SWCNTs.[32,36,39,70,94,104] The principle of this mechanism is 
schematically shown in figure 2.7.a. Evidence for this mechanism was presented by 
Huang et al. who termed it the “kite-mechanism” since the catalyst particle at the tip of a 
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growing tube hovers just above the support. They found that each tip of the long tubes 
had a nanoparticle, which was slightly bigger than the nanotube. They speculated that 
this was due to the formation of amorphous carbon around the particle.[94] It has been 
suggested that gas-flow oriented tubes float just over the substrate surface during 
growth.[123] The mechanisms enabling the catalyst to fly during growth is not known. 
However, various theories exist. One theory suggests that during the heating of catalyst-
loaded substrates in the early stages of the CVD reaction, the catalyst and the 
surrounding gas are heated at different rates and so have different temperatures 
forming a convection flow. This convection flow might lift some of the nanotubes up 
with the catalyst at their tips. Once lifted a stable laminar flow of the feed gases carries 
the nanotubes during growth while at the same time aligning them in the gas flow 
direction.[36,94] Another group suggested that turbulence in the gas flow due to the 
catalyst morphology at the nucleation stage provides the required lift of the initial tube 
and catalyst. Others suggest turbulence at the substrate edges provides the required lift. 
This latter argument is in keeping with the fact that most flow oriented tubes start to 
grow at or near the substrate edge.[36] Floating catalyst/tube systems during growth 
explains the ability of such tubes to grow over trenches as well as barriers.[32,168] The 
settling process of the floating tubes is described as a “zipper-like” motion of the 
interface between the settled and floating segments directed toward the downstream 
end.[169]  
 
 
 
Figure 2.7: Suggested tip-growth mechanism for the a) flow-oriented SWCNTs, which is 
known as the “kite-mechanism”.[32] b) lattice-oriented SWCNTs growing known as 
“raised-head” model.[170] 
 
The tip-growth model has also been argued to apply for lattice-oriented SWCNTs on R-
plane sapphire. However, in this case it is not the whole tube that is flying over the 
substrate. Due to the strong interaction with the substrate, only a segment of the tube 
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near to the catalyst at the tip hovers above the substrate including the catalyst. In this 
case the lift mechanism as attributed to repulsion with the support underneath. This is 
known as the “raised-head” model (figure 2.7.b).[170] Ding et al. reported a tip-growth 
mechanism for lattice-oriented growth of SWCNTs on ST-cut quartz substrates with a 
sliding tip on the substrate. They observed that the nanoparticle at the tip of the tube 
became larger than the tube, which may occur as the tip collides with other catalyst 
material lying on the substrate surface and hence will grow in the process.[55] The tip-
growth mechanism also called “Wake-growth”, which was proposed to explain growth of 
step-oriented SWCNTs on sapphire substrates, where the catalyst nanoparticle slides 
along the atomic step and leaves the growing SWCNT behind in its wake.[99]  
The base-growth mechanism can also be operative for aligned SWCNTs 
growth.[57,130,156,171] Li et al. showed TEM images of as-grown tubes on Al2O3 
membranes and found that the catalyst always remained on the membrane. Moreover, 
the opposite end of the tube (to the catalyst) had a closed-end. Their data point to a base 
growth mechanism since it is argued initially a cap forms at nucleation, which in this 
case essentially forms the closed end.[57] Similar results were obtained by 
others.[156,117] In an AFM study, the researchers imaged the catalyst nanoparticles on 
Si a substrate before and after the CVD process at the same position. They found that the 
nanoparticles did not move, suggesting a base growth mode.[61]  
The growth of catalyst-free grown SWCNTs growth follows an open-end mechanism, 
where the fullerene caps or open-end of a SWCNT work as the seed. When the 
temperature is sufficient for the decomposition of the carbon source (thermal 
decomposition), C atoms are released and then directly add to the seeds.[39,112] It is 
also worth noting that this last fact highlights an important fact, namely, that catalyst 
particles are not a prerequisite to decompose the carbon feedstock. Despite the valuable 
reports regarding the growth mechanism of the catalyst-free horizontally aligned 
SWCNTs, it is not fully understood. A new model for this mechanism, supported by the 
experimental results, is developed and shown later in chapter 5.  
 
2.4.2.6 Transfer of as-grown single wall carbon nanotubes  
A key attractive application for horizontally aligned SWCNTs is nanoelectronics. 
Semiconducting tubes are ideal for molecular field effect transistor fabrication and 
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metallic tubes are attractive as highly efficient inter-connects (ballistic transport). For 
such applications, the tubes should be grown on substrates compatible with Si 
technology or they need to be transferred to Si substrates without affecting their 
properties. Thus, for aligned tubes grown on substrates such as quartz and sapphire, 
transfer techniques are required. Generally speaking, the transfer step requires the use 
of a mediator or carrier material in order to encapsulate the tubes when transferring 
them from the original substrate to the target material. Such a mediator material should 
effectively encapsulate the tubes, provide a strong structural element for peel-off and be 
easily removed after transfer without destroying or altering the transferred tubes.[30]  
Transferring SWCNTs using PDMS is widely used. Ahn et al. described in detail how 
PDMS can be used to transfer SWCNTs.[172]  Firstly, the PDMS stamp is contacted to the 
original substrate by van der Waals forces, and then the PDMS is carefully detached 
along with the tubes. The stamp (with the tubes) is then pressed on to the target 
substrate. Later, the PDMS is removed leaving behind the tubes on the target substrate. 
With this technique, it is not easy to achieve a high transfer yield of the tubes.[98] In 
order to increase the yield of the transferred tubes, a thin film of metal was introduced 
as a carrier just before preparing the PDMS. It was shown that a multilayer structure 
consisting of Cr and Au which is then followed with a layer of PDMS is a more successful 
route to transfer tubes.[173] Later, a successful protocol for the transfer of tubes by 
preparing a layer of Au (electron beam evaporation), and then spin casting a layer of PI 
over this was demonstrated.  A layer of PDMS over the PI layer was used as a stamp. 
Quick peeling-off of the multilayer structure from the original substrate and slow 
peeling-off after depositing the multilayer structure leaves the PI-Au-SWCNTs on the 
target substrate. Oxygen reactive ion etching (RIE) and wet etching were used to 
eliminate the PI and Au layers, respectively.[30] Similar work has been demonstrated in 
other reports, but with polymethylmethacrylate (PMMA) and thermal tape as the 
transfer mediator.[174] Placing a SWCNTs-PMMA thin film in boiling KOH makes peel-
off of the film easier, which then is moved with the help of the thermal tape to a target 
substrate. Complex structures of bent SWCNTs were successfully produced with PMMA 
as the mediator. In this case, the SWCNTs-PMMA thin film was bent many times with 
different angles in order to yield bent tubes, as well as crossbar arrays of tubes.[175] 
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Cellulose acetate film has also been shown to be an effective material for transferring 
aligned tubes from the original substrate to TEM grids.[123] 
Suspended SWCNTs grown via CVD were transferred to a pre-patterned Si substrate in a 
one-step transfer process without any external mediator.[176] The idea behind this 
route is to grow suspended aligned tubes on quartz, which is mounted upside down and 
later is brought into contact with a patterned Si substrate, which in essence pushes the 
tubes from the original substrate to the patterned one.  
 
2.5 Transistor performance from horizontally aligned single wall 
carbon nanotubes  
 
2.5.1 Field effect transistor 
 
Oriented SWCNTs have been demonstrated in a range of configurations as field effect 
transistors, where each has single or multiple source-drain electrode pairs, making use 
of the remarkable room-temperature SWCNT properties, such as high mobility (10 000 
cm2 V–1 s–1, ten times higher than crystalline Si) and exceedingly good current-carrying 
capacities (up to 109 A.cm-2).[67] However, there are still challenges to overcome before 
SWCNTs are used in real systems. One of the main problems for SWCNT based FETs is 
that the tubes used to fabricate the devices are not electrically similar (due to chiral 
disparity), which leads to differences in the I-V characteristics. A possible approach to 
overcome this is to use very long SWCNTs and fabricate multiple FETs along its length. 
For example, the fabrication of more than 100 FET devices over a 4 cm long SWCNT has 
been demonstrated.[125]  The FETs were shown to have similar current maxima around 
17.7 μA and on/off ratios of approximately 106 which is very close to those achieved 
with amorphous and polycrystalline silicon.[175]  Similar approaches using cloned 
SWCNTs and serpentine SWCNTs, with on/off ratios > 104 have also been 
reported.[39,114] Very recently, Ding and co-workers have demonstrated complex 
circuits from CNTs. Their approach was to employ pass-transistor logic which reduces 
the number of transistors required. They fabricated working logic gates as well the more 
complex full adder, multiplexor and demultiplexor circuits.[178] This work highlights 
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the real potential to construct a working nano-arithmetic logic unit (ALU) from carbon 
nanotubes in the near future. 
 
2.5.2 Thin film transistor  
A limitation of SWCNT based devices is the small output current from individual SWCNT 
(ca. tens of µA). Often higher drain currents (in mA range) are required. One can 
overcome this by having arrays of aligned tubes connected to common electrodes so as 
to increase the total current flow. This is often referred to as a thin film transistor (TFT). 
The TFT has attractive properties, such as high mobility and driving currents. Various 
reports demonstrate TFT motilities around 100 cm2 V–1 s–1 which is higher than that 
from amorphous carbon and organic semiconductors. However, this is still lower than 
that from individual SWCNT (10000 cm2 V–1 s–1) or crystalline Si (ca. 2000 cm2 V–1 s–
1).[35] A mobility of 150 cm2 V–1 s–1 has been reported, which is ten times higher than 
that of amorphous silicon FETs and approaches the mobility of a p-type crystalline Si 
MOSFET.[177] Transistors that use dense (~10 SWCNTs µm−1) aligned SWCNTs arrays 
have reached levels approaching 1000 cm2 V–1 s–1.[57] The output current from such 
devices can be up to 1 A with on/off current ratios reaching 85.[30] This compares well 
with the best inorganic semiconductors.[55,92]  A strategy to enhance on/off ratios is to 
use SWCNTs from an enriched (95-98%) semiconductor tube growth process.[63] This 
alternative strategy improves the ratio by a factor of 2 - 3. A more significant 
improvement was achieved by Dong et al. in which they fabricated a TFT with an on/off 
ratio of 6 × 106, which is very close to that obtained with CMOS technology.  
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3.1 Deposition of single wall carbon nanotubes in between metallic 
electrodes 
 
3.1.1 Dispersion of single wall carbon nanotubes  
As discussed before, SWCNT bundles have an unpredictable electrical behaviour as they 
include a mixture of metallic and semiconducting nanotubes. In contrast, the individual 
SWCNTs have either metallic or semiconducting behaviour, which are used for the 
fabrication of FET. In that sense, the as-produced SWCNTs, which are synthesized in 
bundles, need to be dispersed. The nanotubes are synthesized using the pulsed laser 
evaporation method and have a diameter range of 1.2 - 1.5 nm and a length of a few 
micrometers, after purification.[180] The SWCNTs were dispersed in Sodium 
taurodeoxycholate hydrate (TDOC) solution by dissolving 5 mg of the SWCNTs in 1 ml 
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diluted TDOC in double distilled water (with dilution ratios of  1:1 and 1:5). Then, the 
solution was sonicated for ten minutes using 3 second pulses followed by 1 second 
pauses. Afterwards, the solution was centrifuged at 45000 rpm for one hour (TLA55 
rotor). The resultant supernatant was used for the FET fabrication.   
 
3.1.2 Dielectrophoretic alignment of single wall carbon nanotubes  
One drop of diluted SWCNT-TDOC suspension is placed in between two metallic 
electrodes on an Si/SiO2 substrate, while an AC voltage between 3 - 20 V with frequency 
of 300 kHz was applied. The established electrical field forces the dispersed SWCNTs to 
be re-arrange and align, forming a bridge across the metallic electrodes.[35,181] Careful 
observation of the measured current passing between the electrodes allowed to control 
the number of SWCNT channels between the electrodes.[50] The channels between the 
electrodes may include either semiconducting or metallic tubes or mixture of both.  
The dielectrophoratic deposited SWCNTs in between metallic electrodes were 
characterized with AFM (Digital Instruments Veeco, NanoScope IIIa) and EFM using the 
same AFM instrument with coated tips on both sides with an electrically conductive 
Cr/Pt layer. EFM enables distinguishing semiconducting channels from those metallic 
ones, as well as identifying possible existing defects. In addition, EFM is more 
advantageous than AFM in highlighting all CNT segments, regardless of their size. The 
electrical behaviour of the fabricated devices was measured with Keithley 2602 digital 
source meter unit. 
 
3.2 CNTFET topographical characterization  
The CNTs deposited by dielectrophoresis (DEP) act as field effect transistors (FET) if the 
SWCNTs are semiconducting. The FET consists of three electrodes, drain and source, 
which are cross connected by the semiconducting CNT and the gate, which is separated 
from the source-CNT-drain structure by an insulating layer (e.g., doped Si/SiO2), as 
shown in figure 3.1. In such a design, applying an electrical field through the gate can 
excite the carriers to the conduction band in the semiconducting channel (CNT) and 
enable a current to pass between the source and drain electrodes when under bias. The 
number of channels between the source-drain electrode pair can be either single or 
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multiple depending on the number of tubes lying across the electrodes (see Figure 3.2). 
Despite the possibility of multiple channels existing between the electrodes as in figure 
3.2.a, only one bridges them, while the others do not. This can be achieved by quickly 
turning off the source-drain aligning force once a signal for the source-drain current is 
observed. Longer period of the applied voltage leads to deposition of multiple channels 
between the source and drain electrodes. This can be explained as follows: Once the 
aligning voltage is applied, CNT segments start to align at different positions of 
source/drain electrodes depending on the applied electric field. The initial deposition 
point in essence should have the strongest electric field compared to the other points. 
Once a nanotube is deposited it works as an extended electrode and has stronger 
electric field than the other points on the electrode. The enhanced electric field eases 
further deposition on the first nanotube deposited. A current will initiate between the 
source and drain electrodes once the deposited nanotube segments are long enough to 
connect the two electrodes. This current signal confirms existence of at least one 
channel between the source and drain electrodes. The period, for which the aligning 
force is applied after such a signal, determines the deposition of single or multiple 
channels. Figure 3.2.a shows typical examples for single and multiple channels deposited 
in between two metallic electrodes. In case a voltage is applied between more than two 
electrodes, a network of CNTs channels between those different electrodes can be 
deposited (Figure 3.2.c) 
 
 
 
Figure 3.1: Schematic of CNT based FET. 
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Figure 3.2: Topographical characterization of SWCNTs channels fabricated by 
dielectrophoresis a) few SWCNT channels with only single continuous channel and b) 
multiple channels, deposited between two metallic electrodes and c) CNTs networks 
between four electrodes. (Signs on electrodes represent the applied voltage sign. An AC 
voltage with a magnitude of 7 V and a frequency of 300 KHz was applied between the 
source and drain in order to deposit the CNTs). 
 
Deposition of CNTs with DEP in between metallic electrodes is mostly determined by the 
CNTs longitudinal permittivity which is inversely proportional to the band gap of these 
CNTs. Accordingly, metallic CNTs always undergo positive dielectrophoresis for all 
frequencies since they have infinitely high permittivity (zero band gap). However, 
semiconducting CNTs can only undergo positive dielectrophoresis for low frequencies. It 
was shown that an AC voltage with frequencies around 300 KHz is suitable to deposit 
semiconducting CNTs in between the metallic electrodes.[182]  
 
3.3 Dielectrophoresis advantages and drawbacks 
The dielectrophoresis route has many attractive advantages, such as its simplicity and 
the possibility to be used on almost any substrate, including flexible substrates,[35] 
because it is performed at low temperature (room temperature).[50] The success of 
SWCNTs separation based on electrical behavior (semiconducting versus metallic) and 
farther into single chirality [183,184] may allow for the fabrication of different FETs 
from electrically identical tubes.[19] However, the major drawback is that the process 
steps inherently required, for the most part, limit the quality of the aligned tubes. 
Processing procedures normally leave short defected nanotubes with undesired 
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remnant molecules on their surface. This causes the devices formed from such tubes to 
be generally of low quality.[33] The tube-tube and tube-electrode high contact 
resistance is another limitation for such devices to be used in nanoelectronics.[79] 
Moreover, the levels of reproducibility and spatial control are limited.[35] Hence, a 
route for growing horizontally aligned defect-free and electrically homogenous SWCNTs 
is preferable. CVD has been shown to be a highly promising route for the production of 
dense horizontally well-aligned SWCNTs [29,36,37,55] due to its simplicity and up-
scalability.[21] In addition, CVD can provide defect free long aligned SWCNTs with the 
key advantage that spatial control of the tubes is achieved in a single step during growth 
rather than post growth as in the case  dielectrophoresis which requires multiple 
preparation steps.[33,50,54] To this end, CVD was used in order to grow high yield 
horizontally aligned SWCNTs on different substrates to be used as basic building blocks 
for molecular electronics. Different synthesis routes and the main characteristics of the 
nanotubes grown by CVD are discussed through the following chapters.  
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As was previously discussed, SWCNTs are considered as potential building blocks for 
next-generation of nanoelectronics. [43-45,120] For large-scale electronics applications, 
it is essential to control very precisely various characteristics of the as-grown SWCNTs, 
such as their spatial position, orientation, yield and electronic type.[47] In addition, the 
controlled synthesis of well-aligned (horizontal) dense SWCNT arrays on substrates 
without further treatment or purification is important.[30]  As presented in chapter two 
horizontally aligned dense SWCNTs were synthesized with CVD on selectively cut single 
crystal substrates such as ST-cut quartz.[30,37,70] However, the nanotube alignment 
mechanism on such substrates is not still fully understood. In this chapter the role of the 
substrate surface morphology in the alignment mechanism is discussed. In addition, the 
effect of the surface morphology on the yield and length of the as-grown nanotubes 
tubes is also studied. Thermal treatment for different periods in air was used to modify 
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the substrate surface morphology and hence tune the as-grown tubes yield. Also the 
effect of different binary catalyst systems on the nanotube yield was discussed.  
 
4.1 Experimental procedure 
 
4.1.1 ST-cut quartz substrate preparation 
Single crystal quartz was the origin of the substrates which were used to grow the 
aligned SWCNTs. Wafers were produced by cutting the grown quartz at an angle of 38°  
00' to the y-axis. The resultant wafer is found to be thermally stable up to 500 °C. This is 
the reason behind its popular name, which is stable temperature (ST-) cut single crystal 
quartz. Single side polished wafers were purchased from Hoffman Materials, LLC with a 
diameter of 100 mm, and a thickness of 0.5 mm. The ST-cut quartz wafer was cut into 
small pieces (4 X 6 mm). Those small ST-cut quartz substrates will later support the 
metallic catalyst as well as the grown SWCNTs. 
Prior the CVD reaction, the ST-cut quartz substrates were subjected to thermal 
treatment in air at 750 °C for different periods starting from 10 minutes up to 2880 
minutes (48 hours). The thermal treatment smoothes the substrate surface which affects 
positively the yield of the later grown CNT on them. This thermal treatment was 
performed in a one inch diameter quartz horizontal tube furnace. The morphology of the 
treated samples was characterized with an AFM (Digital Instruments Veeco, NanoScope 
IIIa) operated in tapping mode, allowing us to evaluate the substrates’ surfaces 
roughness, while their crushability was characterized with Raman spectroscopy 
(Thermo Scientific, DXR Smart Raman). 
 
4.1.2 Catalyst solutions preparation 
Binary Fe:Co catalyst systems were prepared from Ferrocene (purchased from Sigma 
Aldrich, ≥  98%) as the iron source while cobalt was obtained from Phthalocyanine 
(Fluka Chemie, > 97%). The prepared systems had different molar Fe:Co ratios which 
were equal to 2:1, 1:1 and 1:2. The number of moles of iron in 1 mg of Ferrocene as the 
starting material (contains 0.3 mg Fe) was found to be 0.0054. Accordingly, the number 
of moles of cobalt in Fe:Co = 2:1, 1:1 and 1:2 systems should be 0.0027, 0.0054 and 
0.0107, respectively. Hence, the required cobalt mass was 0.158, 0.317 mg and 0.634 mg, 
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respectively. Such amounts of cobalt were obtained from 1.53 mg, 3.07 mg and 6.14 mg 
of Phthalocyanine. The mixtures of Ferrocene and Phthalocyanine were dissolved in an 
appropriate amount of ethanol (Merck, ≥  99.5%) resulting in solutions with a percent 
concentration of 0.01% and the mixtures were sonicated over night. 
 
4.1.3 Growth of single wall carbon nanotubes 
The catalyst solutions were then drop coated on the thermally treated ST-cut quartz 
substrates. Once the ethanol had evaporated naturally, the substrate was inserted into 
the CVD reactor. The CVD reactor used in this study is a homebuilt unit, consisting of a 
25 inch long and 1 inch diameter horizontal quartz tube. The tube is surrounded with a 
thermal oven controlled by an external power supply. The first tube end is connected via 
valves to the input gases (carbon precursor and dilution gases). The tube outlet is either 
connected to a membrane pump or to the main exit line where the gases are collected 
depending on the required pressure. The CVD oven is equipped with a thermocouple 
and a total-pressure sensor, which allow control of the temperature and pressure inside 
the reactor. A schematic illustration of the CVD reactor is shown in the figure 4.1. This 
CVD oven design has a stable temperature region in the middle around 5 cm long, where 
the SWCNTs will grow.  
 
 
 
Figure 4.1: Schematic illustration of the chemical vapor deposition reactor. 
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The catalyst-loaded substrates were annealed in 0.039 LPM flow of H2 while the furnace 
temperature was elevated from room temperature toward 950 °C. This annealing step is 
important for the decomposition of Ferrocene and Phthalocyanine yielding the Fe:Co 
catalyst nanoparticles.[57] Thereafter, the hydrogen flow rate was reduced to 0.013 
LPM and methane was introduced with a flow rate of 1.12 LPM, whilst the oven 
temperature is kept at 950 °C. These optimized conditions continued for the following 
15 minutes while the gases were flowing. Finally the gas flows were turned off and the 
reactor evacuated with a membrane pump (ca. 1 mbar) while the oven cooled down to 
room temperature.  
The as-deposited and H2-treated catalyst nanoparticles (prior to the CVD reaction) were 
characterized in terms of their morphology, size and homogeneity with AFM (Digital 
Instruments Veeco, NanoScope IIIa). Also, AFM, SEM (FEI, NOVA NanoSEM 200 
equipped with field-emission gun, with typical acceleration voltage in the range 2 - 3 KV) 
and TEM (FEI, Tecnai T20, operating at 200kV) were used to characterize the 
morphology, yield, length, diameter, alignment and homogeneity of the as-grown 
SWCNTs. The diameter distribution and quality of the SWCNTs were also characterized 
using Raman spectroscopy (Thermo Scientific, DXR Smart Raman) with excitation laser 
wavelengths of 780 nm, 633 nm and 532 nm.  
 
4.1.4 Single wall carbon nanotubes transfer into silicon substrates  
Transfer of the horizontally aligned SWCNTs to silicon substrates is not straight forward, 
however, it is necessary for their successful integration into applications, e.g., 
nanoelectronics.[185] In addition, transferring them onto the TEM grids is essential in 
order to characterize them using TEM. A mediator thin layer of PMMA was prepared by 
spin coating of PMMA (50K, 9%) on the ST-cut quartz substrate hosting the SWCNTs 
followed by baking at 150 °C for 15 min. Immersing the substrate-SWCNTs-PMMA 
structure in a boiling basic solution (1M KOH aqueous solution, 97 °C) for about 7 
minutes made peeling off the PMMA embedded SWCNTs thin film easier. Afterwards, the 
substrate-SWCNTs-PMMA structure was rinsed in ultrapure water and then dried. The 
PMMA-SWCNTs thin film was removed from the substrate with the help of thermal tape 
and placed onto the target silicon substrate (or TEM grid). The tape is adhesive at room 
temperature, while it loses its adhesion at temperatures higher than 120 °C. Heating the 
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whole structure (silicon substrate, PMMA embedded SWCNTs and thermal tape) up to 
130 °C was sufficient to allow removal of the tape, while the PMMA was removed by 
immersing the silicon substrate with PMMA in hot acetone (60 °C) for about a minute 
and later dried with nitrogen. In the case of transferring the as-grown tubes to TEM 
grids, the PMMA-SWCNTS thin layer from the ST-cut quartz was detached in distilled 
water and then fished out with a TEM grid. 
 
4.2 Substrate thermal treatment 
Through different reports it was shown that thermal treatment of the ST-cut quartz 
substrates prior to the CVD reaction is important.[47] However, the role of the annealing 
step has not been fully studied.[48] Various reports mentioned different thermal 
treatment parameters such as annealing temperature and period. While Rutkowska et 
al.[70] showed that annealing the substrates for short periods (30 minutes) at 950 °C is 
enough for alignment improvement of the as-grown tubes, Rogers et al. reported an 
optimum long annealing period (8 hours) at 875 °C to have almost the same results on 
the same substrate type.[117]  
The effect of thermal annealing in air on the surface morphology of ST-cut quartz 
substrates, as well on the later-grown tube yield, length and alignment, was 
systematically investigated. Annealing periods between 10 and 2880 minutes (48 hours) 
with temperatures from 700 to 800 °C in air were explored. Figure 4.2 shows typical 
examples of tapping mode AFM topography images from various surfaces after different 
annealing periods. From the AFM images, one can observe that the surface morphology 
changes with annealing period exhibiting a lot of surface structure initially which at first 
lessens with annealing (e.g., panel (c)) and then increases with extended annealing times 
(e.g., panel (e)).  
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Figure 4.2:  Topographical characterization of  annealed ST-cut single crystal quartz 
substrates in air for a. 5 hours, b. 10 hours, c. 15 hours, d. 20 hours and e. 24 hours 
(annealing temperature 750 °C, scale bar = 200nm. Height scale shown to the right is the 
same for all images). 
 
To better investigate the surface roughness, one can look at the height profiles from cuts 
on the AFM images. Figure 4.3.a shows typical line profiles from samples annealed at 
750 °C for different periods. The changes in the surface roughness are clearly observable 
and confirm that the annealing process first smoothens the surface, but that for longer 
annealing periods the surface becomes rough again and regular broad and deep bits 
appear. Figure 4.3.b shows the average surface roughness for all the samples and shows 
this trend in more detail. It shows the smoothest surface is obtained with an annealing 
time of 900 minutes (15 hrs). 
 
 
 
Figure 4.3:  Annealed ST-cut quartz substrate surface roughness, a) Typical height 
profiles for ST-cut quartz annealed in air at 750 °C for different periods, b) Time 
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dependence of the annealed ST-cut quartz substrates surfaces roughness (Curve is a guide 
to the eye). 
 
ST-cut quartz substrates annealed for different periods were characterized with Raman 
spectroscopy using an excitation wavelength of 780 nm, as presented in figure 4.4. The 
Raman results showed no obvious differences between the substrates annealed for 
different periods. This suggests that thermal treatment affects the substrates surface 
rather than the bulk crystal.  
 
 
 
Figure 4.4:  Raman spectroscopy of annealed ST-cut quartz for different periods.  
(Spectra were collected with excitation wavelength of 780 nm) 
 
The initial application of an annealing process to the substrate in essence provides an 
energy for atoms to re-arrange themselves toward a new energy minimum.[186] In 
addition, some surface atoms can escape. This causes the narrow and shallow pits 
appearing in the as-received substrates to disappear leaving smoother surfaces, as 
shown in the 3D image for the as-received and annealed ST-cut quartz substrates 
(Figure 4.5). However after continuing the annealing process, a degree of disordering, 
due to atom displacement occurs.[187] Moreover, bond breakage can occur and this 
leads to microcrack formation which in turn creates a rough surface.[188] Hence to 
obtain a smooth surface, the optimum annealing time needs to be determined. In this 
study it was found that the smoothest surface occurred after 15 hrs annealing at 750 °C.  
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Figure 4.5: 3D image of the ST-cut quartz substrates a. as-received, b. treated for 15 
hours (smoothest surface) and c. treated for 24 hours.  
  
4.3 Formed catalyst nanoparticles 
It was also investigated how the surface roughness affects the catalyst size distribution 
for the three investigated catalyst ratios (Fe:Co = 1:2, 1:1 and 2:1). This was 
accomplished by measuring the height (AFM) of the catalyst particles prepared on the 
substrates after they were annealed. Overall the particles range between 2 and 18 nm. A 
more detailed study is presented in figure 4.6.a,b,c, in which the height distributions for 
Fe:Co = 1:1, 1:2 and 2:1 are presented for substrates subjected to different annealing 
times, respectively. Generally, regardless of catalyst mix, the diameter distribution 
flattens with increasing annealing time. This is probably related to the surface 
roughness.[189] For samples annealed up to 15 hours the surface roughness is 
composed of two types of pits: broad and deep pits and narrow and shallow pits. The 
narrow and shallow pits tend to be super-imposed on the broad pits. As one anneals up 
to 15 hours the broad pits disappear. However, above 15 hours annealing, the narrow 
pits start to disappear and broad pits form. These pits changes are concomitant with the 
observed catalyst particle diameter distribution changes, as shown schematically in 
figure 4.7. In figure 4.6.d the mode diameter and the full width at half maximum 
(FWHM) (the error bars) from a Gaussian fit are shown. This shows that the mode 
diameter increases with annealing time and the FWHM shows a broadening of the 
diameter distribution with annealing time. There is almost no difference between the 
three catalyst ratios explored. This is in agreement with studies by Liu et al.[152] 
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Figure 4.6:  Characterization of formed metallic catalyst nanoparticles on annealed ST-
cut quartz substrate. Height distributions of Fe:Co nanoparticles formed over ST-cut 
quartz substrates annealed at 750 °C for different periods using different Fe:Co ratios a. 
1:1, b. 1:2, c. 2:1, d. Trend of nanoparticles size as a function of substrate annealing time  
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Figure 4.7:  Schematic illustration of the formed catalyst nanoparticles on annealed 
substrates a) starting substrates without catalyst, b) after catalyst material deposition, c) 
after activation and at the early stage of nucleation. (Green objects represent the catalyst 
nanoparticles ) 
4.4 As-grown single wall carbon nanotubes  
In order to investigate the relationship between the surface roughness and the 
horizontal alignment of the SWCNTs, the various annealed substrates were used as 
supports in the CVD process using a Fe:Co binary catalyst (1:2). SEM observations of the 
samples showed varying densities of aligned SWCNTs on the surfaces after the CVD 
reaction. Their alignment follows the x-direction ([100]).[70] Representative examples 
are provided in figure 4.8. α-phase quartz, while stable at room temperature, transforms 
into β-phase quartz at around 574 °C. In the β-phase, the atoms preferentially align in 
the x-direction ([100]). This x-direction alignment and the weak anisotropic van der 
Waals interaction between SWCNTs and surface atoms are usually argued to provide the 
alignment mechanism for aligned SWCNTs on specific surfaces.[37,70] Researchers have 
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suggested step sites on the quartz surface are responsible for the alignment during 
growth.[48] The results presented throughout this work indicate that step sites are not 
responsible. 
The data presented here point out that one can tune the density of the grown nanotubes 
by varying the annealing time. Detailed studies of the SEM images allowed the 
determination the number of tubes per unit area on the samples. In addition this was 
performed for different Fe:Co catalyst ratios (1:2, 1:1 and 2:1). The data is plotted in 
figure 4.9. The profile is almost the direct inverse of figure 4.3.b, in other words there is 
a direct correlation between the aligned SWCNTs density per unit area (yield) and the 
degree of substrate surface smoothness. Moreover there is little observable difference 
between the different catalyst mixtures. The optimum yield in this study is obtained 
with an annealing time of 900 minutes (15 hours) which corresponds also to the 
smoothest surface (figure 4.3.b) 
 
 
 
Figure 4.8:  Representative SEM images for the as-grown CNTs on thermally annealed 
ST-cut quartz at 750 °C for a. 10 minutes, b. 15 hours, c. 48 hours (Red arrows indicate the 
x-direction ([100]) of the ST-cut quartz substrate). 
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Figure 4.9:  CNT yield grown on annealed ST-cut quartz substrates dependence on 
thermal annealing period (Curve is a guide to the eye). 
 
Thermal annealing also affects the length of the as-grown tubes (see Figure 4.10) by 
increasing the mean length of the formed channels. Smooth quartz substrates exposed to 
15 hours of thermal annealing prior the CVD reaction allow the growth of nanotubes 
longer than 100 µm. This is twice of what was achieved with non-annealed substrates 
where the grown nanotube length varies between 20 and 60 µm. It is obvious that rough 
surfaces block the SWCNT growth similar to other studies in which trenches were 
shown to hinder growth.[70]  
 
 
 
Figure 4.10: Typical SEM images showing different SWCNTs lengths grown on ST-cut 
quartz substrates annealed at 750 °C for a. 30 minutes b. 15 hrs c. 48 hrs. (Red arrows 
indicate the x-direction ([100]) of the ST-cut quartz substrate) 
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As mentioned above, the Fe:Co ratio does not affect the yield of aligned SWCNTs as 
shown by, e.g., figure 4.9. This is also observable in figure 4.11 (top row), in which 
typical SEM micrographs of aligned SWCNTs grown using each catalyst ratio on ST-cut 
quartz substrates annealed for 15 hours at 750 °C are presented. In addition, Raman 
spectroscopy and AFM investigations indicate that the Fe:Co catalyst ratio does not 
affect the resultant SWCNT diameters. The strong and narrow G-band and weak D band 
in Raman spectra resulting in a high G/D ratio, which is typical for SWCNTs, confirms 
that different catalyst ratios affect neither the resultant SWCNT diameters nor the tube 
quality. This confirms that as-grown tubes are with high quality and defect-free. The 
RBM mode is conventionally used to calculate the nanotube diameter (see section 2.3.3). 
The diameter of the as-produced SWCNTs was calculated from the RBM modes 
measured using the excitation wavelengths (780 nm, 633 nm and 532 nm) to range from 
1.33 - 1.52 nm regardless of the catalyst ratio (e.g., figure 4.11 lower row). However, one 
should bear in mind that Raman spectroscopy in this case has limitations which prevent 
it from accurately determine the diameter distribution, not only because of the limited 
number of excitation lasers used, but also overlapping signals from the substrate make 
identification more complicated. Hence supporting techniques were implemented.  
 
 
 
Figure 4.11: Representative SEM images (top row) and Raman spectra (bottom row) for 
high yield horizontally aligned SWCNTs grown on ST-cut quartz annealed at 750 °C for 
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15 hours, the tubes were nucleated from different Fe:Co catalyst ratios, a. 1:1, b. 1:2 and c. 
2:1, (Insets)  Zoomed Raman signal in the range of RBM of SWCNTs. (Red arrows indicate 
the x-direction of the ST-cut quartz substrate. Green spectra are for SWCNTs on ST-cut 
quartz substrates, while red ones are for plain ST-cut quartz substrates used as reference. 
Signal collected with excitation wavelength of 780 nm) 
 
In such a case AFM becomes an important supporting technique. The height distribution 
of the as-grown CNTs obtained from many AFM images is shown in figure 4.12.a and is 
found to be in the range from 0.7 to 1.7 nm. It is obvious from the data that the metallic 
catalyst composition does not affect the height distribution of the grown tubes, in 
agreement with other studies.[152] It is well accepted that the metallic catalyst act as a 
template for the growth of the SWCNTs,[190,191] and given that the catalyst 
nanoparticles on the substrates have a broad size distribution. Consequently, the as-
grown tubes have such continuous diameter size range (0.7 - 1.7 nm) as shown in figure 
4.12.b. The larger diameters measured in AFM could arise from either bundles of 
SWCNTs and/or MWCNTs.[43] In order to investigate this point in greater detail, TEM is 
an ideal tool. Preparing samples for TEM analysis is, however, not straight forward. 
CNTs were transferred on to standard Cu TEM grids as discussed in section 4.1.4, and 
then characterized with TEM. Only individual or small bundles of SWCNTs were 
observed with TEM as shown in figure 4.13. Their diameter ranged between 0.8 nm and 
1.7 nm. 
 
 
 
Figure 4.12: Diameter characterization of the as-grown SWCNTs on annealed 
substrates for different periods nucleated from different catalyst mixtures, a) SWCNTs 
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diameter dependence on different catalyst mixtures used to nucleate the growth of 
SWCNTs, and b) Diameter distribution of the as grown SWCNTs.  
 
 
 
Figure 4.13:  TEM characterization of the grown tubes, TEM micrographs of transferred 
SWCNTs to a, b. copper grids and c. lacey grid. 
 
The Raman spectra, AFM and TEM data confirm that the as-grown tubes are only 
SWCNTs. In addition, the synthesis route is well-suited for homogeneous high yield long 
horizontally-aligned SWCNTs formation. 
Numerous studies point to a direct correlation between the SWCNT diameter and that of 
the catalyst particle used to nucleate the growth.[118,162,163] However, a direct 
correlation of the catalyst sizes with the resultant SWCNTs is less easy to extract. As 
shown in figure 4.6, the catalyst nanoparticles are larger, at least prior to synthesis. One 
can speculate this is due to the over-estimation of the size of the catalyst nanoparticles 
when in the reaction. Oxidation can expand them by as much as 32 %.[192] None-the-
less, they are still too large to nucleate SWCNTs. It is suspected that they melt and break 
up into smaller particles as thin films do due to heating.[193] Valleys or pits in the rough 
surface will trap such nanoparticles preventing them from easily breaking up. This 
reduces the likelihood for successful nucleation and hence decreases the grown tubes 
yield, exactly as we observe in figure 4.9. Also, the trapped nanoparticles have different 
sizes which are not all suitable for successful nucleation. This is because only 
nanoparticles with a specific size window are potential nucleators. Others are either 
poisoned, as in the case of the very small nanoparticles, or underfed in the case of large 
nanoparticles.[116] This size window of the possible catalyst nanoparticles which can 
act  as nucleator is reflected in the height distribution of the tubes (Figure 4.12), which is 
narrow and has the same range regardless of the substrate’s surface 
roughness.[190,191]  
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It is also possible to orient the grown tubes with different guiding forces. Both lattice- 
and flow-oriented were fabricated on the same type of thermally annealed ST-cut quartz 
nucleated from the same catalyst material. The only important parameter which affects 
the orientation is the gas flow values. While the lattice-oriented tubes have been grown 
with a high gas flows, a low very stable laminar flow rate is required in order to grow 
flow-oriented SWCNTs.[62] Reducing the flow rates to about one fifth of those used for 
the lattice-oriented grown tubes, allowed for the fabrication of flow-oriented tubes as 
shown in figure 4.14.   
It was possible to grow very long flow-oriented tubes (up to millimetres), while the 
lattice-oriented tubes are in the range of a few hundreds of micrometers. It can be that 
the friction between the grown tubes (and /or catalyst) and the substrates, which are in 
real contact, slows down the growth rate and hence results in shorter grown tubes.[19] 
On the other hand, the flying flow-oriented tubes are free of such friction forces and can 
grow with higher growth rates. In contrast, the density of the lattice-oriented tubes is 
much bigger than the flow-oriented tubes, which is argued to be due to the difficulty of 
lifting up the catalyst in order to initiate the growth, while for the lattice-oriented tubes 
this lift up step is unnecessary.[95] Lattice-oriented tubes have another advantage over 
the flow-oriented ones. Whilst the flow-oriented tubes are generally oriented in the 
gases flow direction with some variation from this general direction, the lattice-oriented 
tubes are perfectly aligned and parallel to each other.[19] 
 
 
 
Figure 4.14:  The two orientation types of the grown tubes on ST-cut quartz substrates, 
a) long (in mm range) generally aligned low dense SWCNTs and b) short (few hundreds of 
µm) perfectly aligned very dense SWCNTs. (Blue arrow is the gas flow direction, while the 
red one indicate the x-direction of the ST-cut quartz substrate) 
4.5 Transferred single wall carbon nanotubes 91 
4.5 Transferred single wall carbon nanotubes  
The transfer of horizontally aligned SWCNTs to silicon substrates is an essential step 
when using them to fabricate molecular electronic devices.[185] Hence, the as-grown 
tubes were transferred from the original ST-cut quartz substrates onto silicon 
substrates (100 nm SiO2). For this purpose, a modified route based on the one 
introduced by Tabata et al. was used.[174] The transfer protocol was introduced 
previously in section 4.1.4. Figure 4.15 (top row) shows SEM and AFM micrographs and 
the corresponding Raman spectrum of high-yield as-produced horizontally aligned 
SWCNTs on ST-quartz (15 hr annealing). The lower row of Figure 4.15 shows the 
SWCNTs after having been transferred on to a silicon substrate. The SEM and AFM 
micrographs confirm the transfer process does not affect the density or the alignment of 
the SWCNTs. The Raman spectra show that the transfer procedure does not reduce the 
quality of the samples since the G band is not broadened and no D band is measurable. 
These findings are similar to those found by Ding et al.[63] 
 
 
 
Figure 4.15:  Characterization of as-grown on quartz substrate and transferred into 
silicon substrate SWCNTs, a, b and c. SEM, AFM images and Raman spectroscopy 
respectively of SWCNTs as grown on the smoothest annealed ST-cut quartz substrate 
SWCNTs nucleated from Fe:Co catalyst mixture of ratio 1:2. d, e and f. SEM, AFM images 
and Raman spectra respectively of transferred SWCNTs to silicon substrate. (Insets in e,f) 
RBM for the SWCNTs from Raman spectra. (Red arrows indicate the x-direction of the ST-
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cut quartz substrate. Green spectra are for SWCNTs on ST-cut quartz substrates, while red 
ones are for plain ST-cut quartz substrates used as reference. Raman signals were collected 
with excitation wavelength of 780 nm). 
 
4.6 Chapter summary  
Catalytic-CVD allows the growth of horizontally aligned SWCNTs. These tubes are either 
lattice-oriented or flow-oriented. The tubes growth could be controlled so as to reach a 
density of more than 130 per unit area, and a length up to a few hundreds of 
micrometers for the lattice-oriented nanotubes and few millimetres for the flow-
oriented tubes. It was shown that the surface morphology of the tubes’ support directly 
affect both the tubes density and length, while they are not affected by the catalyst 
material used to nucleate the tubes growth. Transferring of the as-grown tubes onto 
different substrates opens the opportunity to use such tubes in order to fabricate TFT or 
horizontal and aligned SWCNTs based FETs. The reproducibility and controllability of 
the spatial position, along with the high density of the grown defect free SWCNTs make 
CVD grown nanotubes promising candidates for the nanoelectronics. However, many 
challenges are still facing the implementation of these types of tubes into real 
nanoelectronic applications, for example the wide diameter distribution and hence the 
chirality of the grown tubes. It is well accepted that the metallic catalyst template the 
grown types, and since the fabricated nanoparticles have a wide size distribution, the 
produced tubes are also have a broad diameter distribution (and hence the chirality 
variation). Also, those metallic catalysts may diffuse into the chip support the SWCNT 
based devices resulting in an unpredictable electrical behaviour of such devices. Metal 
free SWCNTs overcome the latter drawback while the former (broad size distribution) is 
still a limitation. Recently, growth of catalyst-free SWCNTs which removes the metallic 
catalyst negative diffusion was introduced. In the next chapter, the growth of catalyst-
free horizontally aligned SWCNTs will be discussed. Those tubes are nucleated from 
fullerene-based structures and grown in an ethanol-CVD route. It is also discussed how 
such catalyst-free tubes overcome the broad diameter distribution in addition to 
avoiding the metal diffusion.  
  
   
 
   
   Chapter 5 
   
     
     
Growth of catalyst-free 
horizontally aligned single wall 
carbon nanotubes  
     
     
In order to benefit from the extraordinary properties of SWCNTs, they should be 
fabricated in a compatible way with the current silicon technology. Huge success has 
been achieved in the field of growth of horizontally aligned SWCNTs nucleated from 
different metallic and oxides nanoparticles. However, the catalyst-assisted SWCNT is 
somewhat incompatible with Si-based technology,[194] as they are synthesized using 
catalyst particles (metals or non-metals) which can contaminate the tubes and affect 
their intrinsic properties.[40,159] Moreover, the catalyst material can diffuse in devices 
which can lead to device failure. Thus, the catalyst-free synthesis of aligned SWCNTs is 
very desirable. To this end various all-carbon routes have been developed, for example 
SWCNTs grown from diamonds,[195] and cloning open-ended SWCNT seed pieces.[19] 
It is also possible to use an opened fullerenes as nucleation sites for SWCNT growth 
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using CVD.[112,196] The Rao group [196] used opened C60 and C70 fullerenes as 
nucleation centers, while the Yu group [112] used exohedral functionalized fullerenes 
which they argued were easier to open. However, functionalized fullerenes are costly 
and so are not an ideal choice to use as nucleation centers for the catalyst-free growth of 
SWCNTs. It has been argued that growth from fullerene nucleated tubes occurs by 
surface diffusion. None-the-less our understanding of all-carbon growth of SWCNTs is 
very limited, and in particular the way in which carbon addition takes place at the open 
growing end of a tube is unclear. Yu et al. [112] argue oxygen terminating groups are not 
important for growth, however this stands in contrast to other studies arguing oxygen 
based groups are crucial for growth.[38,161,197-199] Indeed, the work by Lin et al. 
[198] in which functionalized graphite terminated with oxygen rich groups yielded 
carbon nanotubes under conventional CVD conditions and untreated graphite did not 
yield carbon nanotubes is an important case in point. 
In this chapter, systematic investigations of each synthesis step of catalyst-free 
horizontally oriented SWCNTs nucleated from pure fullerenes (C60) and fluorofullerene 
(C60F18), in order to gain insight to the growth mechanisms involved, are introduced. 
This includes investigating the role of the solvent used to disperse the C60, the pre-
treatment steps to open and functionalize (activate) the fullerenes and aspects of the 
CVD growth process itself. The performed investigations show that it is possible to 
obtain catalyst-free grown SWCNTs in high yield. It is shown also for the first time, that 
fullerene based nucleation can also lead to double wall carbon nanotube (DWCNT) 
production. Moreover, growth of crossbar arrays of aligned SWCNTs in a single step is 
demonstrated. In so far as we are aware, all other crossbar techniques require at least 
two processing steps.[19,95,115] 
 
5.1 Experimental procedure 
 
5.1.1 Different fullerene-based structures  
Different fullerene-structures were used to prepare nucleators for the SWCNTs growth. 
These include fullerene (C60) and fluorofullerene (C60F18). A specific amount (1 mg) of 
the fullerene structure powder was dissolved in 10 ml of toluene and sonicated for one 
hour progressing to for the next step. In another part of the experiment, 1 mg of pristine 
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fullerene C60 was dissolved in different solvents, including acetone, ethanol, methanol 
and acetone. Since the used solvents here have different dispersibility for fullerenes, it 
was essential to sonicate the resultant colloid solutions over night in order to ensure a 
better dispersion.  
 
5.1.2 Pre-treatment of fullerene structures 
The goal of the treatment steps is to create functionalized hemispherical caps from the 
fullerene structure, which later will nucleate the growth of the metal-free SWCNTs. A 
drop of the fullerene solution was drop coated on the support surface. Stable 
temperature (ST-) cut single crystal quartz substrates were used as the support. The ST-
cut quartz substrates were subjected to thermal annealing in air at 750 °C for 15 hours 
prior to the fullerene drop coating. Thermal treatment leads to a smoother substrate 
surface which enhances the yield and the degree of alignment of the grown tubes (see 
section 4.4). After natural evaporation of the solvents, the coated samples were inserted 
to the middle of a 1 inch purpose-built horizontal tube furnace where they were 
subjected to thermal oxidation by heating in various environments; air, synthetic air, Ar 
or H2 in between 10 minutes and 120 minutes. The temperature varied from 400 °C to 
500 °C. A further pretreatment ensued prior to the CVD by heating in water vapor (0.17 
SLPM Ar bubbled through water) for two minutes and then heating in hydrogen (0.75 
SLPM) for three minutes at 900 °C. In order to avoid destroying the fullerene structure, 
it was better to remove the oven from over the samples when the temperature was 
increased from 500 °C to 900 °C, and return it back over the samples after reaching the 
required stable temperature of 900 °C. 
The morphology, size distribution, and possible functionalization of the as-deposited 
and treated fullerene clusters were investigated with AFM (Digital Instruments Veeco, 
NanoScope IIIa), Raman spectroscopy (Thermo Scientific, DXR Smart Raman). In 
addition,  XPS and FTIR, which are frequently used in order to identify the presence or 
absence of specific functional groups in a molecule, and to determine the chemical 
structures, including elements and bonds, respectively, were used. Since the support 
quartz substrates have a signal in FTIR which may interfere with the one from the 
fullerene clusters under investigation, it was necessary to transfer the fullerene clusters 
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investigated with FTIR onto KBr substrates, and onto aluminium foil in the case of the 
XPS investigation, by scratching the host substrate with the target one.  
 
5.1.3 Growth of catalyst-free single wall carbon nanotubes  
The same CVD reactor used for the growth of catalyst-assisted SWCNTs (see section 
4.1.3) was used in order to grow catalyst-free nanotubes, however, a new quartz tube 
was used avoiding the effect of metal residues may be found in the first quartz tube. The 
optimized CVD reaction was conducted in a gaseous environment consisting of  
hydrogen, Ar and Ar bubbled through ethanol. The CVD reaction was run for a period of 
20 minutes at a temperature of 900 °C. The gas flow rates varied depending on the 
desired alignment process, as shown in table 5.1. 
 
Table 5.1: Flow rates introduced to the CVD oven in the growth phase.  
 H2 [SLPM] Ar [SLPM] Ar bubbled through ethanol [SLPM] 
Flow-oriented SWCNTs 1.5 0.07 0.10 
Crossbar SWCNTs 3.0 0.13 0.21 
Lattice-oriented SWCNTs 4.5 0.20 0.32 
 
The as-produced SWCNTs were characterized in terms of their morphology, yield, length, 
diameter, alignment and homogeneity using AFM (Digital Instruments Veeco, 
NanoScope IIIa) in the tapping mode, a SEM (FEI, NOVA NanoSEM 200, with typical 
acceleration voltage of 3 kV), and TEM (Corrected aberration JEOL JEM-2010F was 
operated using an acceleration voltage of 80 kV). The electronic properties and the 
quality of the SWCNTs were also characterized using Raman spectroscopy (Thermo 
Scientific, DXR Smart Raman) with excitation laser wavelengths of 780 nm, 633 nm and 
532 nm. The samples, characterized with AFM, SEM and Raman spectroscopy, were 
investigated as-is on the ST-cut quartz substrates without any further preparation. For 
TEM investigations, the as-grown SWCNTs were transferred from the hosting substrates 
onto TEM grid using a protocol described elsewhere (section 4.1.4).  
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5.2 Different fullerene structures nucleate the growth of single wall 
carbon nanotubes 
Horizontally aligned carbon nanotubes nucleated from fullerene-based structures 
instead of conventional metallic catalyst were synthesized by chemical vapor deposition 
on stable temperature (ST-) single crystal quartz substrates. These structures include 
C60 and fluorofullerene C60F18. The two structures types were dissolved in toluene and 
exposed to the same treatment route with the aim of preparing functionalized 
hemispherical caps. Later, the SWCNTs were grown from these caps under the similar 
CVD reaction conditions. It was found that the oxidation temperature is an important 
parameter, which affects directly the yield of the grown tubes. Figure 5.1.a shows a 
typical SEM image for the nanotubes grown from fluorofullerenes. A lower yield of 
fullerene-nucleated tubes was obtained under the same conditions as shown in figure 
5.1.b. Figure 5.1.c shows that the CNTs yield nucleated from fluorofullerene is much 
higher than the yield nucleated from fullerene, in agreement with other studies.[112] 
Also, the yield goes through a maximum with respect to the oxidation temperature, 
which is lower in case of fluorofullerene compared to fullerene case. This is presumably 
because the fluorine atoms bonded to the adjacent carbon atoms of the fullerene cage 
enforce dramatic elongation of C-C bonds, which therefore break more easily.[200,201] 
 
 
 
Figure 5.1: Fluorofullerene- and fullerene-nucleated CNT, Representative SEM 
micrographs for the grown tubes nucleated from a) fluorofullerene and b) fullerene, c) 
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Yield of CNTs nucleated from fluorofullerene and fullerene as a function of the thermal 
treatment temperature. 
 
5.3 C60 nucleated aligned single wall carbon nanotubes  
 
5.3.1 Orientation of the as-grown nanotubes 
The flow rates of the introduced gases strongly affect the orientation of the grown tubes, 
as a low, very stable laminar flow rate is required in order to grow flow-oriented 
SWCNTs.[62] Higher flow rates allow the fabrication of lattice-oriented nanotubes. 
Lattice- and flow-oriented or crossbar array of nanotubes were fabricated on the same 
type of thermally annealed ST-cut quartz nucleated from the same fullerene dispersion. 
The crossbar arrays were fabricated in a single CVD step rather than two steps as has 
been shown in many reports.[19,95,115] Panels (a) through (c) of figure 5.2 show a 
typical micrographs of aligned SWCNTs grown over ST-cut quartz substrates using our 
CVD route. Depending on the gas flow rate, one can have single direction aligned tubes 
(panels a,c) or crossbar aligned tubes (panel b). In the case of single direction aligned 
SWCNTs (panel a) the gas flow rates during synthesis are relatively high so that the tube 
orientation/alignment is dominated by the interaction between the ST cut quartz 
surface lattice and the growing tube, viz. lattice orientation.[19] By reducing the flow 
sufficiently, a laminar flow can be established. Under these conditions the growing tubes 
fly just above the substrate surface and align themselves in the direction of the gas flow 
which is referred to as flow oriented.[94] However, if the flow rate is not too low, tube 
alignment by lattice orientation persists. Under these conditions both flow orientation 
and lattice orientation occur in tandem. Thus, by altering the angle between the gas flow 
and the lattice orientation one can form crossbar aligned SWCNTs with tunable angles in 
a single synthesis step (figure 5.3).  
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Figure 5.2: Orientation of the fullerene-nucleated CNT. SEM micrographs of fullerene-
nucleated aligned SWCNTs a) lattice-oriented, b) crossbar array and c) long (6mm) flow-
oriented and d) CNT yield dependence of the SWCNTs on the total flow rate for fullerenes 
dispersed in acetone and toluene. 
 
 
 
Figure 5.3: Crossbar arrays of SWCNTs with different cross-angles formed by 
simultaneous lattice- and flow-oriented growth. (Blue arrow indicates the x-axis of the 
ST-cut quartz substrate while the red arrow indicates the direction of the gas flow) 
 
5.3.2 Yield of the grown nanotubes 
One can also tailor the CNT yield of lattice and flow oriented tubes as highlighted in 
panel (d) of figure 5.2. Note that yield is defined as the number of SWCNTs per unit area. 
When reducing the flow rate sufficiently, lattice orientation can be stopped so that only 
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flow oriented tubes are obtained. Flow oriented tubes can grow over vast distances 
because friction forces are minimized as illustrated in panel (c) in which SWCNTs over 6 
mm long are demonstrated. It has also been argued that higher growth rates occur with 
flow oriented growth as opposed to lattice oriented growth.[19] Lattice oriented tubes 
are on average 0.1 mm long. For further discussion forthwith we present data with a 
constant flow (3.34 SLPM) for all samples that yield a crossbar aligned network of 
SWCNTs.  
 
 
 
Figure 5.4: Representative SEM images for the aligned SWCNTs yield nucleated from 
fullerenes initially dispersed in a) acetone, b) ethanol, c) methanol and d) toluene.  
 
Clear differences in the yield can be observed between the different solvents which are 
used to disperse the fullerenes prior to deposition on the ST-cut quartz substrate. The 
two extreme examples are acetone and toluene as depicted in panel (d) of figure 5.2. We 
also explored the use of ethanol and methanol as solvents. Figure 5.4 shows 
representative SEM micrographs for the four explored solvents. The change in the yield 
is easy to see and is quantified in panel (a) of figure 5.5. At first glance one might 
anticipate there to be a link between yield and fullerene solubility in the solvent of 
choice. If this were directly so, then according to Ruoff et al. [202] the poorest solubility 
should occur for methanol, then ethanol followed by acetone and finally toluene. By 
looking at the cluster size after fullerene deposition on the support one can obtain an 
impression of the solubility of C60 in the different solvents. Panel (b) of figure 5.5 
quantifies this information and shows clearly the relative changes in C60 cluster size. 
This is also shown by figure 1 in the appendix, where visible light microscopy images of 
fullerene clusters deposited on ST-cut quartz substrates from different solvents are 
presented. The smallest clusters occur when using toluene which is concomitant with 
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toluene being one of the best known solvents to disperse fullerenes. The cluster sizes 
increase markedly for methanol and ethanol and then acetone has the largest cluster 
size. The observed cluster size changes with solvent do not fully fit with the work of 
Rouff et al., [202] however, they do acknowledge that it is unlikely that a single universal 
parameter to describe solvent solubility for C60 can be found. More important to note 
though, is the close relationship between cluster size and yield, namely, larger cluster 
sizes lead to larger SWCNT yields.  
To better comprehend this connection we need to look at the steps involved in the 
applied CVD synthesis route. Initially a two step pretreatment step is employed. In the 
first, an oxidation treatment is applied and this is followed by a short exposure to H2O (2 
minutes) followed by a brief exposure to H2 (3 minutes). The first oxidation step is 
crucial, as shown by Yu et al., in order to open up the fullerenes to provide 
hemispherical caps which then serve as the nucleation sites for continued tube 
growth.[112] One would anticipate the oxidation process to diminish the cluster size. In 
practice this is exactly what happens as can be seen in panel (b) of figure 5.5. In this case 
the pre-treatment consisted of heating the deposited fullerenes in air at a temperature 
of 500 °C for 75 min.  After the oxidation process the hemispherical caps need to be 
activated for growth and this is achieved in the secondary step by exposure to H2O/H2. 
This step functionalizes the dangling bonds at the open ends of the hemispherical caps, 
thus activating them for growth. The secondary treatment does not significantly reduce 
the size of the clusters as can be seen in figure 5.5.b. The H2O/H2 treatment is argued to 
also remove unwanted amorphous species. 
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Figure 5.5: CNT and fullerene clusters dependence on dispersing solvent, a) CNT yield 
dependence on initial fullerene dispersing solvent b) Diameter (height) distribution of the 
as-deposited fullerene clusters from different solvents, then later oxidized in air and then 
after air oxidation and H2O/H2 treatment.  
 
Regarding the initial pretreatment step to open up the fullerenes by oxidation, this 
process is obviously a delicate process and not all oxidized fullerenes will yield 
hemispherical caps. To optimize the process, the use of oxidation environments with 
differing oxygen content was explored. The environments explored were air, synthetic 
air, nitrogen with 5% oxygen, hydrogen and argon. In the latter two cases, an oxygen 
detector was used. The oxygen limits were below 0.1 % (detection limit). The effect of 
the thermal oxidation environment on the size of the fullerene clusters is presented in 
figure 2 (appendix). For all solvents the resultant yield of SWCNTs was best when 
oxidizing using Ar in the pretreatment step. In short, as the oxygen content is increased 
the SWCNT yield decreases. This behaviour is demonstrated for samples prepared using 
acetone and ethanol to disperse the fullerenes in the statistical study presented in figure 
5.6 panel (a) and the representative SEM micrographs given in the appendix (figure 3). 
The CNT yield of the four explored solvents did not change between the pre-treatments 
and this is concomitant, again, with the cluster size (both before and after pretreatment). 
Different pre-treatment times in the range of 10 – 120 minutes were explored. In 
general, the yield increases with treatment time up to an oxidation time of ca. 75 min. 
after which the yield drops (figure 5.6.b). The drop in the yield can be attributed to 
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excessive oxidation, viz, most of the fullerene clusters have been burnt away. With 
regards to the optimum oxidation time the reasons are not so clear because by this time 
the cluster sizes have been reduced by an order of magnitude. The effect of the oxidation 
period is explained more clearly in the SEM images presented in figure 4 shown in the 
appendix. 
 
 
 
Figure 5.6: CNT yield of carbon nanotubes dependence on a) the thermal oxidation 
environment and b) thermal oxidation period.  
 
5.3.3 Activated sp2 caps 
As mentioned previously, the pre-treatment steps likely functionalize the fragments of 
opened fullerenes. To investigate this process in greater detail the use of infra-red (IR) 
and X-ray photoemission spectroscopies were employed. Firstly, the IR data between 
1000 cm-1 and 3700 cm-1 was studied. In all samples, (the starting material, the sample 
after the initial pre-treatment (oxidation in Ar) and after a secondary treatment) a 
variety of functional groups can be observed (figure 5.7). These include; C-O, O-H, C=O, 
C-OH and COOH groups. The relative intensity of each varies from sample to sample and 
across the different solvents explored. Some basic trends can be observed though. As a 
general rule the intensity of C=O bands (ca. 1500 cm-1 & 1700 cm-1) relative to the C-O 
band (ca. 1200 cm-1)  is reduced after the initial pre-treatment in Ar. After the secondary 
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H2O/H2 treatment the relative strength of the C=O bands is increased and in addition the 
O-H bands (ca. 1400 cm-1 & 3600 cm-1) are stronger. This confirms the functionalization 
efficiency of the H2O/H2 treatment. Variations between samples prepared using 
different solvents for fullerene dispersion can also be observed. In particular, the 
relative intensity ratio of C-O and C=O bands changes such that the C-O/C=O ratio 
increases as one goes from toluene, to methanol, to ethanol and finally to acetone, as 
presented in figure 5.7.c. This trend is concomitant with the final yield of CNT.  
 
 
 
Figure 5.7: FTIR spectra for the as-deposited material, Ar pretreated and Ar pretreated 
followed by H2O/H2 pretreatments from fullerenes dispersed in a) toluene and b) ethanol. 
c) The relative intensity ratio of C-O and C=O bands extracted from the FTIR spectra shown 
panels (a) and (b). 
 
Further evaluation of the functionalization of the fullerenes upon exposure to the pre-
treatment steps was performed using X-ray photoemission spectroscopy. Two examples 
for the C1s edge spectra are provided in panels (a) and (b) of figure 5.8 for toluene and 
ethanol respectively, while the corresponding O1s edge spectra are provided in panels 
(c) and (d) in the same figure. Both the C1s and O1s edges indicate the presence of sp2 
carbon (284.9 eV) and functional groups, namely, aliphatic carbons (285.7 eV), C-O 
(286.3 eV) and C=O (287.7 eV) [203] after deconvoluting the peaks using XPSPeak 4.1. 
The data show that for all solvents investigated the fullerene clusters the C-O and C=O 
peaks increase relative to the sp2 peak after each pretreatment step, more so for the C-O 
peak than the C=O peak as shown in figure 5.9 panels a and b. In addition, the relative 
intensity of the C-O and C=O peaks increases as one goes from toluene, to ethanol and 
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methanol (similar) and finally acetone. Moreover, the ratio of the C-O to C=O peaks 
increases in the same manner concomitant with the FTIR observations (see figure 5.9.c). 
 
 
 
Figure 5.8: XPS C1s (top row) and O1s (bottom row) core level spectra as well as 
deconvoluted peaks corresponding to different functional groups for the as-deposited, 
Ar treated and Ar treated followed by H2O/H2 pretreatments from fullerenes dispersed 
in a,c) Toluene and b,d) ethanol 
 
After the pretreatment steps the growth reaction is applied to grow carbon nanotubes 
from the opened and activated fullerenes. We investigated two feedstocks; methane 
(CH4) and ethanol (CH3CH2OH). When using methane, despite investigating various 
synthesis conditions (e.g., temperature and flow) we never observed the growth of 
SWCNT. When using ethanol, SWCNTs are easily obtained. This can be argued to be due 
to the OH radicals obtained upon decomposition of ethanol.  
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Figure 5.9: Relative functional groups intensities extracted from XPS spectra, a) C-O and 
b) C=O ratios relative to sp2 C intensities for fullerenes dispersed in the different solvents 
after all pre-treatments. c) The relative intensity ratio of C-O and C=O bands after second 
pre-treatment step. (All curves were extracted from the XPS spectra shown in figure 5.12)  
 
5.3.4 Type of the grown nanotubes 
AFM was employed for the investigation of the as grown SWCNTs while still on the 
substrate, as one can gain insight to the heights (diameters) of the tubes. A typical AFM 
image of horizontally aligned fullerene-nucleated SWCNTs is shown in figure 5.10.a. The 
data show the tube diameters to lie in the range from 0.7 to 1.4 nm. A more thorough 
statistical evaluation suggests a quantized variation in the SWCNTs mean diameter, 
most notably between 0.7 and 1.0 nm.  This quantization, which is not observed when 
using metallic or non-metallic catalyst particles, is illustrated in figure 5.10.b and is 
similar to observations by Yu et al.,[112] They are argued this quantization arises 
because partial hemispherical fragments from oxidized fullerenes formed during the 
pretreatment steps can merge forming caps that are larger than a C60 hemisphere (0.7 
nm). This same argument may help in explaining why the optimal oxidation time 
(pretreatment) which burns away a lot of the cluster material is rather long. In other 
words, whilst on one side the oxidation treatment burns, opens and etches the fullerenes, 
some fragments are able to merge during this procedure as a competing process.  
AFM cannot unequivocally identify or distinguish individual tubes and small bundles. 
Hence TEM and Raman spectroscopy were used to confirm that the structures are single 
walled carbon nanotubes. The TEM studies confirm that the grown nanotubes are 
mostly SWCNTs, with some few double wall CNTs (DWCNT), (figure 5.10.c-d). The use of 
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Raman spectroscopy allows one to identify SWCNTs through a sharp G mode (ca. 1600 
cm-1), the D mode (ca. 1400 cm-1), a high intensity ratio of the G to D modes and finally 
the well known radial breathing Modes (RBM). A typical example is provided in the 
figure 5.10.e, while zoomed version emphaizing the RBM modes is presented in figure 5 
given in the appendix. One can obtain diameter information from the RBM modes 
according to the following equation:[77] 
RBMwdt /α=  (6.1) 
where α = 248 and ωRBM is the Raman shift (cm-1). Since the RBM are dependant on the 
excitation laser wavelength we investigated the samples for three wavelengths, 780 nm, 
633 nm and 532 nm. The Raman spectroscopic data indicate the presence of SWCNTs 
ranging between 0.7 and 1.5 nm. This is in good agreement with the AFM evaluation. 
The RBM corresponding to large diameter tubes (i.e., 1.4 – 1.5 nm) could arise from 
DWCNT with inner tubes of ca. 0.7 nm. 
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Figure 5.10: Characterization of the as-grown nanotubes, a) AFM micrograph for a 
lattice-oriented SWCNTs, (inset) height profile of the tube taken at the place indicated by 
the blue line, b) Carbon nanotube diameter distribution collected from AFM images. TEM 
micrographs of  c) SWCNT, d) DWCNT. e) Raman spectroscopy of the grown CNTs on 
quartz substrates, 
 
Another feature we often observed, with AFM, was a bulbous like feature at the end of a 
tube. Presumably these are the clusters from which a tube stems and grows from. A 
detailed analysis of these bulbs heights shows they range between 2 and 10 nm and 
show no correlation to the SWCNT diameters as illustrated in figure 5.11. 
 
 
 
Figure 5.11: AFM characterization of the fullerene clusters at the tip of the nanotubes, 
a) Representative AFM images showing a bulbous feature at the end of the grown tubes 
(scale bar is 500 nm), b) Carbon nanotube diameter and corresponding cluster diameter 
distribution.  
 
5.3.5 Growth mechanism of carbon nanotubes nucleated from fullerene 
From the obtained data one can start to build a picture of the processes involved when 
growing single walled carbon nanotubes from fullerenes. Firstly, the type of solvent used 
to disperse the fullerenes prior to deposition affects the size of the fullerene cluster 
deposited on the ST-quartz substrate such that larger clusters yield more SWCNTs. This 
is easily interpreted as larger clusters providing a larger number fullerenes that can 
potentially be opened and provide a nucleation cap for carbon nanotube growth. 
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Fragments unsuitable for nucleation may be able to merge with other fragments, and so 
also provide a nucleation cap.[112] The investigation on the pre-treatment oxidation 
process to open the fullerenes is a delicate process. Moreover, by optimizing the 
oxidation time and environment, efficient cap production can ensue. It could also be that 
the choice of solvent to disperse the fullerenes can exohedrally functionalize them which 
may make them more susceptible to opening, as fluorine did in the case of growth of 
SWCNTs from fluorofullerene (Section 5.2). The spectroscopic data highlight the 
functionalization role of the second pre-treatment step in which the opened fullerenes 
are subjected to H2O vapor and then H2. Indeed the spectroscopic data suggest epoxy (C-
O) groups are relatively more abundant than carbonyl (C=O) groups and more 
importantly that the level of epoxy and carbonyl functionalization is lowest for 
fullerenes dispersed in toluene and greatest for fullerenes dispersed in acetone. Samples 
dispersed in ethanol or methanol lie in between. These trends in functionalization follow 
the CNT yields obtained from different C60 solvents used to disperse them and suggest 
they are crucial in activating open fullerene caps for SWCNTs growth during the CVD 
reaction. The FTIR and XPS data suggest epoxy groups are most important. Once the 
fullerenes have been opened and activated nucleation caps formed, the CVD growth 
process takes place. The choice of feedstock seems important in that with methane as 
the C source no SWCNTs are obtained whilst with ethanol, under optimized conditions, 
abundant SWCNTs can be found. This again suggests oxygen based groups are relevant. 
This is in keeping with other studies that suggest oxygen based groups are important for 
both catalyst and catalyst free growth of CNT.[38,161,196-199] How oxygen is 
important for growth is not exactly clear, however, the spectroscopic data on the 
activation process (pretreatment) provides a hint that epoxy groups are key. From this it 
is reasonable it infer that an oxygen atom bridging two carbon atoms may be able to 
break one of its bonds, enabling a new carbon unit (e.g., C, C2 C3…) to enter. Once the 
new carbon unit has inserted itself onto the growing tube end, the oxygen atoms can re-
bond and saturate a dangling bond. Of course in this process both oxygen bonds can 
break releasing the oxygen and so new oxygen of oxygen based groups (e.g., CO) need to 
be available to replenish oxygen at the end of a growing tube. This could explain the 
need for a feedstock that is able to supply both C and O species. Oxygen species, for 
example OH radicals, can also help prevent amorphous carbon build-up that could block 
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growth at the open end of a SWCNT. Figure 5.12 provides a schematic illustrating the 
different steps involved in the opening and activation of C60 to provide nucleation sites 
for subsequent SWCNT growth. In the case of DWCNT, it is probable that fullerene 
fragments forming nucleation caps are able to overlap each other in a manner enabling 
two nucleation caps to form with one residing inside the other. Of course this is 
statistically less favourable and explains why SWCNTs dominate in the samples. 
 
 
 
Figure 5.12: Schematic illustration of the proposed mechanisms for the pre-
treatments/activation and growth steps for carbon nanotubes nucleated from activated 
fullerene species.  
 
 
 
 
 
  
   
 
   
   Chapter 6 
   
     
     
Electrical characterization of the 
aligned single wall carbon 
nanotubes  
     
     
As discussed before, aligned SWCNTs are advantageous for the nanoelectronics; either 
individual or parallel aligned SWCNTs can be used for the fabrication of field effect 
transistors and thin film transistors, respectively. The fabricated device should have 
electrical characteristics comparable to what is achieved with current silicon technology, 
before the commercial realization of the CNT-based devices. In this chapter, the 
electrical characteristics of horizontally aligned tubes, prepared with different 
techniques are given and compared, highlighting the advantages of type. Later, the 
electrical characteristics of the devices fabricated throughout this study are compared to 
what is reported in literature as well as what is achieved with contemporary silicon 
technology.  
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6.1 Device fabrication  
The electrical behaviour of the fabricated aligned nanotubes is characterized by means 
of the current-voltage (IV-) characteristics. The nanotubes are located between two 
metallic electrodes, which are termed the source and drain, and a DC current is driven 
through the SWCNTs. In the case of semiconducting nanotubes, a third electrode, called 
a gate, is added. The goal of the gate electrode is to activate or deactivate the 
semiconductor channels in between the source and drain electrodes. In other words, it is 
used to switch the transistor on and off. Throughout this study, two different methods 
were used to fabricate the electrodes over the aligned nanotubes depending on the 
alignment approach.  
 
6.1.1 FET fabrication over the dielectrophoretic deposited carbon nanotubes 
As discussed in section 3.1.2, dispersed SWCNTs were deposited in between metallic 
electrodes while applying an AC potential. Later, a DC voltage was applied between the 
same electrodes in addition to the gate electrode (doped support substrate Si/SiOx, i.e. 
global back gate) while measuring the passing current simultaneously. Accordingly, the 
IV-characteristic dependence on the gate voltage is plotted. For this purpose, a Keithley 
2602 digital source meter unit was used to perform two point room temperature IV 
measurements.  
 
6.1.2 Fabrication of the CVD grown nanotube based devices  
A group of electrode pairs were post fabricated after the growth of the SWCNTs (both 
metal-assisted and metal-free SWCNTs) using standard electron beam lithography on 
the substrates where the tubes were grown (ST-cut quartz) without further transfer, as 
shown in figure 6.1. The electrodes consist of two layers; 10 nm Cr and 40 nm Au. The 
fabricated devices were characterized with SEM, AFM and two terminal IV-
characteristics (using Keithley 2602 digital source meter unit). Later, a top gate 
electrode was fabricated over the working devices, as shown in figure 6.1.c, which are 
then characterized with three terminal measurements. The top gate electrode is a two 
layer structure, where the first layer was Al2O3 with a thickness of 15 nm and the top 
layer was 10 nm of Cr and 40 nm of Au. This structure allowed plotting the gate voltage 
dependence of the IV-characteristics.  
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Figure 6.1: Schematic illustration of CVD-grown SWCNTs FET device fabrication, a) as-
grown aligned SWCNTs, b) Different electrodes prepared over the CNTs and c) two layer 
top gate structure fabricated over the tubes connected to the electrodes.  
 
6.2 Electrical characterization of dielectrophoretic deposited single 
wall carbon nanotubes 
6.2.1 I-V characteristics of the dielectrophoretic deposited nanotubes 
 
Representative AFM image of the dielectrophoresis deposited SWCNTs in between 
metallic electrodes is shown in figure 6.2.a, while the corresponding IV-characteristic is 
given in panel b. The carried current shows small dependence on the gate voltage, in 
addition it is too high for a single semiconducting channel, which may be argued to the 
deposition of metallic channels (tubes) residing with the semiconducting nanotubes. As 
discussed previously in section 3.2, the deposition of the metallic CNTs always took 
place irrespective of the applied frequency of the aligning voltage, while deposition of 
semiconductor tubes is frequency dependent. The existence of metallic tubes causes 
current to pass between the source-drain electrodes regardless of the gate voltage. This 
negatively affects the behavior of the fabricated device, lowering what is called the 
on/off ratio. The on/off ratio is defined as the ratio between the current passing through 
the FET in the “on” state to the current passing in the “off” state. For real applications it 
is required to be as high as possible (106-108).[19] While the semiconducting tubes in a 
FET only pass current in the on state and are blocked by applying the appropriate gate 
voltage in the off state, the metallic tubes always pass current. This leads to a low on/off 
ratio and results in an impractical device for real applications. A common technique to 
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enhance the on/off ratio is to destroy the metallic channels by applying high current. In 
practical terms, an appropriate voltage to block the semiconductor channels can be 
introduced by biasing the gate while gradually applying an increasing DC voltage 
between the source and the drain electrodes. In essence, this forces the current to pass 
through the metallic tubes destroying them due to local thermal heating once they reach 
a threshold value.[4] Figure 6.2.c shows the source-drain current versus the applied 
voltage, while the semiconducting channel is blocked with appropriate gate voltage. The 
dramatic sharp decrease in the source-drain current indicates the successful destruction 
of the metallic channels and the process should be stopped at this point. Further 
increasing the source-drain voltage will destroy all of the channels. The IV-characteristic 
of the resultant device is given in figure 6.2.d. The on current decreases by around one 
order magnitude after removal of the metallic channels, in agreement with other 
studies.[181] 
 
 
 
Figure 6.2: Electrical characteristics of a dielectrophoretic deposited SWCNT based FET, 
a) Topographical image b) Current versus the voltage in between the source and drain 
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electrodes in the burning process. I-V characteristics for the c) as-deposited SWCNTs 
between the electrodes and d) after burning the metallic tubes.  
 
It is also shown in figure 6.2.b that the metallic behavior of the as-deposited CNTFET is 
due to existence of metallic CNTs. After applying an appropriate burning current 
ensuring the destruction of the metallic tubes, the CNTFET displays semiconducting 
behavior which now shows a source-drain current dependence on the gate voltage 
(Figure 6.2.d). This allows the device to be turned on and off by changing the sign of the 
gate voltage. However, the source-drain current decreases dramatically (by one order of 
magnitude) after burning the metallic tubes.  
 
6.2.2 Defect detection 
Burning the metallic channels in the CNTFET enhances the on/off ratio dramatically as 
shown in figure 6.2. Unfortunately, topographical characterization did not appear the 
positions or the size of the burned parts (defects), especially when they are small. In that 
sense, electrostatic force microscopy becomes a useful technique to be used for defect 
detection.  
The SWCNT channels between the metallic electrodes were characterized with EFM 
before and after the burning step, with and without a bias voltage between the source 
and drain electrodes, as well as on the gate electrode. EFM characterisation of the CNTs 
under the different potential cases is shown in the figure 6.3. The topographical image of 
the CNT channels is shown in figure 6.3.a. Panel b shows an EFM image for the structure 
under investigation without voltage applied to the FET electrodes and AFM tip. This is 
used as a reference to ensure that the tip is lifted sufficiently above the sample so that it 
is free from van der Waals forces and the electrostatic forces dominate the tip deflection.  
As it is shown in panel b, there is no signal from the sample and hence EFM 
characterization can take place at this tip height. Applying a voltage to the AFM tip (+5 
V) initiates electrostatic forces between the tip and the CNT channels, as shown in panel 
c. All CNT segments are shown in the EFM image which is clearer than the 
corresponding topographical image. 
Applying a source-drain bias with an appropriate gate voltage, in order to activate the 
semiconductor channels, causes a current to pass through all of the CNT channels. 
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Accordingly, an electrostatic force between the charged CNTs and the biased tip is 
created. While the electrostatic force is an attractive force over the electrode with the 
opposite potential sign to the AFM tip, it is a repulsive force over the other electrode 
which has the same potential sign as the AFM tip. In between, the repulsive force 
gradually decreases and becomes attractive when scanning from one electrode to the 
second, because of the potential drop along the channels. This behaviour is shown in 
figure 6.3.d. It is obvious that both channels have the same gradual EFM signal variation 
regardless of the tube type. While the metallic channels are always on, the 
semiconductor ones are activated by a negative gate voltage and hence electrical current 
passes through all of the channels. Later, a high-source current with positive gate 
voltage, so that the semiconducting channels are off, was applied with the aim of 
destroying the metallic channels. Then, the device is characterized with EFM once more 
under the same condition as the previous case. The resultant EFM image is shown in 
panel e (figure 6.3). The discontinuity in the EFM signal in the right channel (at the blue 
arrow) suggests the presence of a defect which is created in a metallic channel in the 
burning step. On the other hand, the gradual variation in the EFM signal for the left 
channel (red arrow) confirms that this channel is still continuous. This leads to the 
speculation that it is an intact semiconducting channel. This happened because this 
channel was blocked and so no current passed through during the burning procedure. 
Reversing the source-drain bias only changes the direction of the current in the CNTs 
channels. This changes the repulsive EFM force to attraction over one electrode and vice 
versa on the second one.  The resultant EFM image for opposite source-drain voltage, 
while keeping other voltages unchanged, is shown in panel f. It is worth mentioning here 
that the intact parts of the metallic channels act as an extension of the electrodes, so one 
is charged while the other is grounded, exactly as for the electrodes. These remaining 
parts have the same EFM signal as the electrode to which they are connected as 
indicated with green arrows in panels e and f.  
In short, EFM is a useful technique used to characterize CNTs channels in FET devices 
regardless of their size, in addition to distinguish between the metallic and 
semiconductor channels. Also, it is possible to clarify existence of defects in such 
channels which may affect the CNTFET electrical characteristics. 
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Figure 6.3: AFM and EFM characterization of a dielectrophoretic deposited SWCNT 
bases FET, a) Topographical image of CNTFET device. Representative EFM images for the 
CNTFET shown in (a) under different conditions. b) Reference EFM signal with VG = VSD = 
Vtip = 0, c) EFM signal for the same device with VG = VSD = 0, Vtip = +5 which emphasizing all 
CNTs channels better than topographical image (a), d) EFM signal of the same device with 
VG = +5 V (semiconductor channels are activated), VSD = -2 V and Vtip = +5 V showing that 
both channels have the same EFM signal, e) EFM signal after destroying the metallic 
channels with VG = +5 V (semiconducting channels are activated), VSD = -2 V and Vtip = +5 V. 
Blue arrow is at the defect position due to high current burning, while red arrow shows the 
continuous semiconductor channel, and f) EFM image of the same device after destroying 
the metallic channel with VG = + 5 V (semiconducting channels are activated), VSD = + 2 V 
and Vtip = +5 V. Green arrow indicates a part of metallic channel connected to the charged 
electrode as also in e. 
 
The resultant devices using dielctrophoretic deposited SWCNTs generally of low 
quality.[33] This is argued to the defects induced during the process procedures, the 
remaining undesired remnant molecules on nanotubes surface and the tube-tube and 
tube-electrode high contact resistance. These factors limit the use of such devices in 
nanoelectronics.[79] The poor reproducibility and the limited spatial control is another 
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drawback of such type of aligned SWCNTs.[ 35] An alternative solution is to use the CVD 
grown nanotubes, as it is agreed that these tubes can be reproduced with high quality 
and high spatial control. In the next sections, the electrical characteristics of the CVD 
grown SWCNTs are discussed and compared to the dielectrophoretic aligned nanotubes.  
 
6.3 Electrical characterization of the CVD grown nanotubes  
6.3.1 IV-Characteristics of the metal-assisted single wall carbon nanotubes 
 
The as-grown SWCNTs were electrically characterized firstly by the means of two 
terminal measurements. Later, they are gated and characterized once more. All electrical 
measurements are performed at room temperature. At the first, source-drain electrode 
pairs were prepared by standard EBL, and a potential was applied in between the 
electrodes while the passing current is measured. Figure 6.4.a shows typical IV 
characteristics of metallic nanotubes. The devices exhibit a resistance in the range of 
47kΩ - 80kΩ. This higher resistance is attributed to the backscattering and contact 
effects, which results in the ISD to saturate at high VSD.[204-206] Typical two terminal 
electrical characteristic of semiconducting nanotubes are shown in panel (b) of the same 
figure. The electrical characteristics of the SWCNTs are dependent on the band gap, 
which related to nanotubes chirality (diameter). In general, semiconducting nanotubes 
with small diameters have small band gaps and are called semi-metallic.[4] These 
nanotubes have an electrical characteristic close to the metallic ones as in the case of s-
SWCNT 1 in panel (b). Panels (c) and (d) show the IV characteristics of metallic and 
semiconducting SWCNTs with applying gate voltage, respectively. While the metallic 
nanotubes show no dependence on the gate voltage, as expected, the semiconducting 
nanotubes behaviour depends strongly on the applied gate voltage, while these 
nanotubes conducts well at negative gate voltage, they are almost insulating at positive 
gate voltage, suggesting they are p-type semiconducting CNT.[207] 
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Figure 6.4:  Electrical characterization of the catalyst-assisted SWCNTs grown on ST-cut 
quartz. Two terminal measurements of a) metallic and b) semiconducting SWCNTs. IV 
characteristics dependence on gate voltage for c) metallic and d) semiconducting SWCNTs. 
  
 
The high current carrying capacity and fast on/off switching make the CVD-grown 
nanotubes more preferable than dielectrophoresis-aligned ones. The burning step in 
order to decrease the tube-tube and tube-electrode contact resistance, which may 
destroy the device, is not essential for devices fabricated with CVD grown nanotubes. 
The high quality of the CVD grown nanotubes compared to the dielectrophoratic 
deposited ones is another advantage. On the other side, the wide distribution of the 
nanotubes diameter (and hence, chirality) results in fabrication of devices with non 
homogeneous electrical behaviour. In addition, the metallic catalyst may diffuse into the 
chip support the SWCNT based devices, resulting in an unpredictable electrical 
behaviour of such devices and decrease the life age of the chip. In that sense, the 
Electrical characterization of the aligned single wall carbon nanotubes 122
fabrication of metal-free SWCNTs, with quantized diameter distribution as shown in 
chapter 5, are attractive alternatives, which may overcome the drawbacks of the metal-
assisted SWCNTs.  
  
6.3.2 Electrical behaviour of the catalyst-free single wall carbon nanotubes 
 
The transport characteristics of devices fabricated using the catalyst-free grown tubes 
are investigated. More than 50 devices were produced. Initial IV characterisations 
showed about two thirds of the devices to have semiconducting tubes and the rest were 
metallic. Figure 6.5.a present a typical SEM (left) and AFM (right) images of the 
fabricated device prior the preparation of the gate electrode. The channel length is found 
to be 5 µm, while the diameter of the SWCNT under investigation was 1.1 nm. A typical 
example of the IV characteristics for metallic and semiconducting tube devices for 
different gate bias are shown in panels (b) and (c) of figure 6.5, respectively. The 
metallic tube devices show a linear IV response (panel b) with no gate dependence while 
the semiconducting show the current (ISD) beginning to saturate at higher voltages. The 
transfer characteristics and mobility of the semiconducting device are shown in panel 
(d). The semiconducting SWCNT conducts well with negative gate voltages (up to 4 μA at 
VG = -2V) and then becomes almost insulating at high positive voltages, indicating a p-
type semiconducting tube.[174] The mobility of the device is also shown in panel (d) 
and is determined using the following equation:[208] 
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where L  is the device channel length, SDV  denotes the source-drain voltage, GSD dVdI /  is 
the source-drain current derivative with respect to the gate voltage, tC  is the gate 
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where oxε  and oxt  denote the effective dielectric constant and thickness of the insulating 
layer separating the CNT from the gate electrode, respectively. The insulating layer used 
in this study was Al2O3 for which oxε  and oxt  are 9.1 oε  and 50 nm, respectively. The 
diameter of the semiconducting channel (CNT) is given by W . For the device shown in 
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figure 6.5.c the mobility is around 1100 cm2 V-1 s-1. The transfer characteristics of a 
number of other devices fabricated using catalyst-free grown SWCNTs are shown in the 
figure 6.6 (top row). The mobility of these devices are the range from 680 and 1100 cm2 
V-1 s-1, which is highly comparable with catalyst grown SWCNT based 
FETs.[30,174,209,210] The devices shown in this work exhibit a resistance in the range 
of 50 kΩ - 150 kΩ. This relatively high resistance can be attributed to the backscattering 
and contact effects. This results in a saturation in the ISD at high VSD (see figure 6.6 
(bottom row)).[204-206,211-213] 
 
 
 
Figure 6.5: Metal-free SWCNT electrical characterization. a) SEM (left) and AFM (right) 
micrographs of a field effect transistor (FET) prior to top gate fabrication. The source-
drain channel length is 5 μm and the tube height is 1.1 nm (see inset). Representative b) IV 
characteristic of a metallic SWCNT. c) Representative current-voltage (IV) characteristic 
and d) transfer characteristic (dependence of ISD and mobility on the gate voltage (VG)) for 
a semiconducting SWCNT FET. 
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Figure 6.6: Representative IV characteristics for different semiconducting SWCNTs FET 
devices (top row) and metallic SWCNTs in between metallic electrodes (bottom row) 
 
From the previous discussion, it is clear that the electrical characteristics of the metal-
free SWCNTs are very similar to those for the catalyst-nucleated nanotubes, where both 
types show promising electrical behaviour over the dielectrophoretic aligned SWCNTs. 
On top of that, the metal-free SWCNTs are advantageous, as they avoid the negative 
effect of the metallic catalyst. In addition, the quantized distribution of the nanotubes 
diameter (i.e., quantized chiralities) increases the probability of fabrication of FETs with 
homogenous electrical behaviour. Despite that the devices shown in here are not the 
best; it is believed that improving the device fabrication will enhance their electrical 
characteristics.  
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Conclusions  
Horizontally aligned single wall carbon nanotubes have been successfully fabricated 
following two different approaches. These are dielectrophoresis and chemical vapor 
deposition. For the dielectrophoretic deposition, the CNT were grown by pulsed laser 
evaporation and then dispersed and deposited in between metallic electrodes. Stable 
temperature cut single crystal quartz substrates have been use as support for the 
growth of SWCNTs by CVD allowing for the growth of horizontally aligned SWCNTs 
without further steps.  The CVD grown tubes are either metallic- or fullerene-nucleated 
SWCNTs.  
SWCNTs are deposited from suspension in between metallic electrodes by applying AC 
potential. The deposition of SWCNTs with dielectrophoresis is an easy, simple and quick 
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approach and is performed at room temperature. Careful control of the process 
parameters (e.g., the potential amplitude and frequency, and the period for which the 
potential is applied) allowed for the fabrication of single or multiple channels between 
the electrodes, as well as depositing either metallic nanotubes or metallic and 
semiconducting tubes. However, the levels of reproducibility and spatial control are 
limited. Afterwards, the metallic nanotubes were successfully removed by applying a DC 
voltage through them while the semiconducting channels were turned off using an 
appropriate gate voltage. The metallic channels were distinguished from 
semiconducting structures by the effective application of electrostatic force microscopy, 
which emphasize the local defects and the tube-tube junctions. The produced aligned 
tubes are electrically characterized by investigating the dependence of the source-drain 
IV-characteristics on the gate voltage. The fabricated devices with the dielectrophoratic 
deposited nanotubes were of low quality and show poor electrical characteristics. The 
defects induced during the process steps, i.e. sonication and centrifugation, and the tube-
tube and tube-electrode high contact resistance explain the poor electrical performance. 
In the second part, chemical vapor deposition was used in order to fabricate horizontally 
and aligned SWCNTs. The up-scalability and the possibility to provide defect-free clean 
long aligned SWCNTs with high yield in a single step are the main advantages of the CVD 
method. Lattice-oriented well-aligned nanotubes with mean lengths (in µm range), and 
flow-oriented long (in mm range) nanotubes were successfully grown on single crystal 
quartz support by CVD. While the flow-oriented tubes are grown with very low flow 
rates and are free from the influence of the support substrate, the lattice-oriented 
nanotubes are grown with higher flow rates and their orientation is determined by the 
surface atoms of the support. Moreover, crossbar array formation in a single synthesis 
step was also achieved by optimizing the reaction parameters. The effect of the 
substrate surface on the yield and length of the fabricated lattice-oriented nanotubes 
was studied. Throughout a systematic study, it has been shown that although the 
thermal annealing of ST-cut quartz substrates in air prior to the CVD reaction is not an 
essential step, it does dramatically enhance the density and length of the lattice-oriented 
nanotubes. It is found that as the annealing period increased, the substrate surface 
roughness decreased to a minimum after 15 hours annealing. Beyond this period, the 
surface became rough again. The findings point to the preferentially aligned surface 
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structure of β-phase quartz and the weak anisotropic van der Waals interaction with 
SWCNTs providing the guidance mechanism. Structural defects in the surface interfere 
with the guidance process, probably by either blocking further growth or altering the 
growth direction. This is further evidenced by the ability to obtain tubes in excess of 100 
μm when using substrates treated with optimized annealing (smooth surface).  
The grown nanotubes were nucleated either by metallic nanoparticles or fullerene-
based structures. In the case of metallic nanoparticles, a binary catalyst system 
consisting of Fe and Co with different ratios was used. The investigations showed that 
the catalyst (Fe:Co) ratio does not influence either the  yield or the length of the as-
grown tubes. All-carbon metal-free CNT were grown using opened and activated 
fullerene as nucleators. The systematic investigation of the initial preparation steps, pre-
treatment steps and growth reaction allowed for the enhancement of the produced 
nanotubes yield. The data show variation in the size of the fullerene clusters, caused by 
dispersing fullerene powder in different solvents, affected the yield of the grown tubes 
by providing more nucleation sites in the case of large clusters. Moreover, the 
environment where the fullerene clusters were oxidized as well as the period for how 
long they are oxidized strongly affects the grown nanotubes yield. Careful oxidation 
steps to open and functionalize the fullerenes are shown to be crucial and moreover, 
oxygen based functional groups, in particular epoxy groups appear to be important. 
Oxygen remains important during growth, as no growth occurs when using precursors 
devoid of oxygen. A nucleation and growth mechanism of the metal-free CNTs based on 
the investigation of the output of each process step was presented.  
The data presented throughout this study showed that only SWCNTs, which have 
continuous diameter distribution, were grown from the metallic nanoparticles. On the 
other hand, those nanotubes nucleated from fullerene structures are mostly SWCNTs 
with quantized diameter distribution in well-defined steps, however, it is also shown it 
is possible to obtain DWCNT.  
The electrical characteristics of field effect transistors using the metal-assisted and 
metal-free SWCNTs were studied. The data show that these transistors have current 
capacity and mobility higher than what is obtained from the dielectrophoratic deposited 
tubes. This is because they lack the tube-tube contact resistance and have lower tube-
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electrode resistance, which also allowed the metallic nanotubes to carry higher currents 
(close to the theoretical value).  
Outlook  
In future work, the aim will be to optimize the treatment and growth process for the 
metallic-free SWCNTs in order to achieve higher yield comparable to what is achieved in 
the case of metal-assisted CVD routes. In addition, insight investigations are required in 
order to achieve a deeper understanding of the growth mechanism, which may allow for 
the growth of SWCNTs with single diameter (single chirality), and hence homogenous 
electrical properties.  
The applications, where the metal-free SWCNTs are to be used, are an important issue.  
A film of metal-free SWCNTs in between metallic electrodes can be used as thin film 
transistors for high frequency applications, or in sensor applications.  
Horizontally aligned SWCNTs grown (or transferred) over slits allow for further 
characterization and experiments inside the transmission electron microscopy. One 
main idea is to use the e-beam in TEM in order to induce local directed defect in the 
nanotubes lying in between electrodes over a slit, while the IV-characteristics is 
measured, in addition, such directed defects can be used for local functionalization. This 
allows for relating the type and size of the induced defects and functionalization with the 
electrical behavior of the nanotube, which may display new phenomena or applications.  
 
 
 
 
     
     
Appendix A  
     
     
Supplementary information: 
Catalyst-free horizontally aligned 
SWCNTs 
Support information regarding the growth of metallic-free SWCNTs in form are 
presented in this appendix.  
 
 
 
Figure 1: Visible light microscopy images of fullerene clusters deposited on ST-cut 
quartz substrates initially dispersed in a) toluene, b) methanol, c) ethanol and d) acetone. 
e) The median and the full width at half maximum (FWHM) of the formed clusters.  
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Figure 2: Effect of thermal oxidation on the size of the fullerene clusters. Visible light 
microscopy images of fullerene clusters on ST-cut quartz substrates a) as-deposited and b) 
after pre-treatment in air for 75 minutes, c) Median and FWHM of the as-deposited and 
pre-treated fullerene clusters  
 
 
 
Figure 3: Representative SEM images for the aligned carbon nanotubes nucleated from 
fullerene clusters initially dispersed in acetone and treated in air for a) 30, b) 75 and c) 
90 minutes. 
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Figure 4: Representative SEM micrographs of the aligned carbon nanotubes nucleated 
from fullerene initially dispersed in acetone and thermally oxidized for 75 minutes in a) 
air, b) H2 and c) Ar. 
 
 
 
Figure 5: Raman characterization of the grown nanotubes, a) Raman spectroscopy of the 
grown CNTs on quartz substrates, b) RBM modes for the CNT using different lasers 
highlighting the RBM modes. 
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Figure 6: Representative IV characteristics for different metallic SWCNTs in between 
metallic electrodes (top row) and semiconducting SWCNTs FET devices (bottom row) 
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